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Preface 


In  March  1982  a  SMP  Specialist*  Meeting  on  Advanced  Castings  took  place  at  Brussels.  After  the  very  successful  meeting 
there  was  a  general  feeling  in  the  SMP  that  the  activities  in  this  specific  field  should  be  continued 

Progress  in  advanced  casting  technology  offers  an  important  contribution  in  cutting  costs  in  military  aircraft  structures.  But 
from  the  designer’s  point  of  view'  there  are  still  some  reservations  and  lack  of  confidence  for  the  broad  application  of  castings. 
This  persists,  in  spite  of  the  availability  of  mechanical  data  for  advanced  castings  and  first  design  experience  of  cast  structural 
components. 


Under  these  aspects  the  Structures  and  Materials  Panel  decided,  in  October  1 983,  to  establish  a  follow-on  activity  in  the  form 
of  a  working  group  to  prepare  the  publication  of  a  'Handbook  on  Advanced  Casting". 

In  the  working  group,  specialists  from  foundries,  research  laboratories  and  aircraft  companies  held  several  meetings  to  collect 
and  review  data  of  casting  materials  which  are  fundamental  tools  for  the  design  engineer. 

The  handbook  comprises  mechanical  data  of  materials  and  informs  about  foundnes,  quality  control  and  testing  methods,  and 
examples  of  application  in  structural  components.  It  should  be  of  assistance  to  designers  and  possible  users  of  advanced 
castings  to  get  detailed  information  about  the  potentia*  of  the  materials  existing  today  and  the  way  to  use  them  profitably  in 
aircraft  design  work. 
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Abstract 


Tbc  need  :o  improve  aircraft  performance  and,  simultaneously,  to  reduce  costs  has  led  to  a  re-exam:  nation  of  the  use  of  casting 
processes  in  aircraft  manufacture.  In  this  volume  the  Structures  and  Materials  Panel  of  AGARD  has  provided  practical 
information  about  design,  mechanical  values,  applications,  quahtyassurar.ee  and  damage  tolerance. 

By  p  residing  the  data  m  this  form  it  is  hoped  that  the  designer  will  be  encou  raged  to  exploit  the  many  recent  advances  in  casting 
to  optimum  effect 


Abrege 


La  necessite  d'ameliorer  Jes  performances  des  aeronefs  et  en  mcme  temps  d'en reduire  les  couts  nous  a  conduit  a  revoir  l'emploi 
de  dtfferents  procedes  de  coulee  dans  la  fabrication  des  aeronefs. 

Le  present  ouvrage,  edite  par  le  Panel  des  Matcnaux  et  Structures  de  1'AGARD,  donne  des  indications  pratiques  concernant 
Tetudc  de  I'avion,  les  donnfcs  mecamques,  les  applications,  Passu  ranee  qualite  et  !a  tolerance  k  I’cndommagemcnt 

II  est  a  esperer  que  la  presentauon  de  ces  donnees  sous  forme  de  manuel  ncitera  les  concepteurs  a  exploiter  de  fa\on  optimale 
les  progris  considerab’es  realises  rccemmcnt  dans  le  domaine  des  techniques  de  coulee 
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1.  INTRODUCTION 

1.1  FOREWORD 

The  need  to  cut  costs  has  in  recent  years  led  not  only  to  the 
development  ot  new  materials  hot  also  to  the  further 
development  of  economic  manufacturing  processes  hie 
“advanced  casting  technology'’.  Advances  in  casting 
technology  could  lead  to  increased  use  of  castings  for  the 
manufacture  of  vital  aircraft  components,  which  in  turn 
leads  to  reduced  cost 

Castings  are  favou  table  in  terms  of  cost  and  weight  and  offer 
the  possibility  of  combining  into  one  casting  a  whole 
number  of  material-intensive  machining  and  sheet-metal 
parts  which  were  previously  joined  by  nveting  at  high  cost 
Moreover,  the  process  affords  the  design  engineer  greater 
freedom  of  design.  It  should  be  noted  that  the  design  should 
be  made  suitable  for  casting,  re.  the  design  engineer  and 
foundry  should  get  in  touch  as  early  as  possible  during 
component  development.  Only  thus  will  it  be  possible  to 
make  maximum  use  of  all  the  advantages  of  the  process 
So  far.  the  lad  of  confidence  of  design  and  stress  engineers 
in  casting  has  stood  in  the  way  of  a  more  widespread  use  of 
castings  for  primary  structures.  However,  today  there  are 
precise  and  reliable  data  concerning  castings  available.  They 
are  collected  in  this  Handbook  on  “Advanced  Casting"  to 
aid  engineers  in  the  application  of  cost-saving  castings. 

I  2  PRINCIPLE  OF  CASTING  PROCESSES 
The  casting  processes  —  sand  casting  (conventional  and 
premium)  and  investment  casting  —  are  of  significance  for 
aerospace  construction.  Depending  on  the  respective 
technical  or  economic  conditions  for  the  individual 
components,  either  one  or  the  other  process  will  be  more 
advantageous. 

Generally,  the  trend  is  noticeable  of  sand  casting  and 
investment  casttng  processes  complementing  one  another 
and  of  both  processes  drawing  closer  to  one  another.  For 
instance,  investment  castings  are  becoming  ever  bigger  and 
have  higher  strength  valucsduc  to  the  measures  described  in 
1.2.1,  whereas  sand  castings  can  have  thinner  walls  and 
closer  tolerances  by  applying  investment  casting  measures 
(eg,  ceramic  moulds)  and  refining  sand  casting  techniques. 
These  trends  will  grow  even  stronger  in  future 

1.2.1  Investment  Casting 

The  investment  casting  process.  Figure  I,  is  a  means  of 
creating  highly  complex  metal  structures  offering  the 
engineer  almost  unlimited  design  freedom.  Topical 
production  rates  of  large  complex  components  are  in  the 
order  of  25-100  units  per  month,  with  smaller  castings 
produced  m  hundreds  or  thousands  per  month.  This  cavting 
process  makes  it  possible  to  produce  thin  walls  typically  of 
14  mm  with  dose  tolerances  (±0.15  mm)  At  present, 
components  of  approximately  500  mm  X  8(H)  mm  :<  1200 
mm  can  be  manufactured;  the  size  being  limited  not  by  the 
process  itself,  but  rather  by  the  existing  manufactunng 
facilities.  Due  to  generally  high  mould  temperatures 
retired  by  the  process,  slightly  inferior  mechanical 
matcnal  properties  may  be  expected  in  companion  to  sand 
and  premium  casting.  Unfavourable  cooling  conditions  of 
the  casting  are  however  enhanced  by  casting  under  negative 
pressure  or  in  vacuum,  placement  of  metahe  chills  in  the 
ceramic  mould,  use  of  special  purpose  ceramic  materials, 
forced  ait  convection  over  mould  surface,  etc. 

The  principles  of  investment  casting  are  similar  for  both 


solid  mould  and  shell  processes,  except  for  the  formation  of 
the  ceramic  mould.  Both  require  a  pattern,  gating  to  a  runner 
system,  a  ceramic  mould  (cither  solid  plaster  block  or  shell), 
removal  of  pattern  with  heat,  pairing  metal  into  the  cavity 
left  by  expendable  pattern,  removal  Of  ceramic  material 
from  the  cast  duster,  and  cutting  of  castings  from  the 
assembly.  The  solid  mould  process  is  typically  favou  red  for 
small  ultra  complex  castings  having  tiny  features. The  shell 
process,  however,  accounts  for  the  greatest  majority  of 
investment  castings  produced,  due  to  superior  d  mensional 
control,  ability  to  produce  cxiremdy  large  parts,  and 
flexibility  of  casting  parameters  allowing  better  control  of 
solidification  conditions. 

The  process  begins  with  the  production  of  a  one-piece  heat 
disposable  pattern  This  pattern  is  usually  made  by  injecting 
wax  or  plastic  into  a  metal  die  (Fig.1.1)  These  dies  may 
range  from  fully  automatic  multi-cavity  tooling  (for  volume 
production  of  simple  configurations)  to  large  complex  dies 
having  up  to  600  separate  blocks  and  weighing  as  much  as 
2000  kg  Figure  ]  2  depicts  dismantling  of  metal  tooling 
after  injection,  to  yield  the  wax  pattern. 

A  heat-disposable  pattern  is  required  for  each  casting 
These  disposable  patterns  have  the  exact  geometry  of  the 
required  finished  part,  but  they  are  made  slightly  larger,  to 
compensate  for  volumetnc  shrinkage  (a)  in  the  pattern 
production  stage  and  (b)dunng  solidification  of  metal  in  the 
ceramic  mould. 

The  pattern  carries  one  or  more  gates  which  arc  usually 
located  at  the  heaviest  casting  section.  Ihe  gate  has  three 
functions 

•  to  attach  patterns  to  the  nser  or  runner,  forming  a 
duster; 

•  to  provide  a  passage  for  draining  out  pattern  matcnal 
as  it  melts  upon  heating; 

•  to  guide  molten  metal  entering  the  mould  cav  ity  in  the 
casting  operation,  and  to  ensure  a  »ound  part  by 
feeding  the  casting  during  solidification, 

Patterns  are  fastened  by  the  gates  to  one  or  more  runners 
and  further  assembled  to  form  a  duster  Depending  on 
pattern  configuration  and  casting  method  used,  the  duster 
will  be  composed  of  numerous  run  ners,  a  central  riser  area, 
pouring  cup  and  down  sprue  (Fig  1A). 

The  ceramic  shell  mould  process  involves  dipping  the  entire 
duster  into  a  ceramic  slurry,  draining  aw  ay  excess  material, 
then  coating  it  with  fine  ceramic  sand  (Figs  1,4  and  1  5). 
After  the  drying  or  cunngof  the  shell  coat,  the  procedure  is 
repeated  again  and  again,  using  progressively  coarser  grades 
of  ceramic  material,  until  a  self-supporting  shell  has  been 
formed  (FiglA).  Specialized  industrial  robots  arc  used 
almost  exclusively  for  the  shell  building  task  to  facilitate 
duster  manipulation,  eliminate  pattern  distortion  and 
considerably  reduce  linear  casting  tolerance  requirements 

The  coated  duster  is  then  placed  in  a  high  temperature 
furnace  or  steam  autoclave  where  the  pattern  melts  and  runs 
out  through  the  gates,  runnersand  pou  n  ng  cup.This leaves  a 
ceramic  shell  containing  cavities  of  the  casting  shape  desired 
with  passages  leading  to  them  (Fig  1,7). 

The  ceramic  shell  moulds  must  be  fi  red  to  bum  ootthe  last 
traces  of  p3ttcm  material  and  to  pre-heat  the  mould  in 
preparation  for  casting  (usually  m  the  range  450-800*0). 
Because  shell  moulds  have  relatively  thin  walls,  they  can  be 


2 


fired  and  ready  to  pour  Portly  after  attaining  temperature 
(within  1'4>  hours.)  (fig.  1-S). 

The  hot  moulds  may  be  poured  utilizing  static  pressure  of 
the  molten  metal  heat,  as  is  common  in  sand  cast  mg,  or  with 
the  assistance  of  vacuum,  pressure  and/or  centrifugal  force. 
This  enables  the  investment  casing  foundry  to  reproduce 
the  ohm  intricate  details  and  extremely  thin  walls  of  an 
original  wax  or  plastic  pattern  (Fig  1.9). 

Melting  equipment  emplojcd  depends  on  the  alloy  For  non- 
ferrous  alloys,  gas  fired  or  dectnc- crucible  furnaces  arc 
usually  used. 

After  the  poured  moulds  have  cooled,  the  ceramic  mould 
material  is  removed  from  the  casting  cluster,  by  high 
pressure  water  jets,  mechanical  vibration  and/or  chemical 
cleaning  (Fig  1 10).  The  casung(s)  is  then  removed  from  the 
duster  by  plasma  torch  or  saw  cutting,  and  ary  remaining 
protrusions  left  by  gates  are  removed  by  grinding  or 
machining  (Fig.1,11). 

The  casting  is  then  ready  for  secondary  operations,  heat 
treating,  straightening,  machining  and  whatever  inspection 
t$  specified.  The  finished  casting  resembles  the  expendable 
pattern  from  which  it  was  produced  in  every  detail  except  for 
the  calculated  shrinkage  in  pattern  production  and  muai 
solidification  (Fig  1 12). 

1.2.2  Sand  Casting 

Sand  casting  is  a  good  casting  process  for  manufacturing 
large  complex  components.  High  mechanical  values  can  be 
reached  with  chills  specially  placed  in  the  mould  Sand 
casting  can  bedmded  m*o  conventional  and  premium  sand 
casting. 

12.2.1  Con\eruional  Sand  Casting 
Conventional  sand  casting.  Figure  2.  is  the  cheapest  casting 
process.  It  makes  it  possible  to  manufacture  components  of 
5000  X  1500  X  1500  mm.  The  disadvantage  is  that,  in 
comparison  to  other  casting  methods  large  tolerances  of 
i0.5  mm  still  exist  and  minimu  m  thicknesses  of  only  2  5  mm 
arc  possible.  Local  machining  or  selective  chemical  milling 
offer  a  remedy  to  this  problem. 

In  conventional  sand  casting  moulds,  cores  and  chills  are 
usually  used, 

a)  Mould 

To  maintain  consistently  dose  dimensional  tolerances, 
sound  castings,  and  good  surface  finishes,  it  is 
necessary  to  use  a  moisture-free,  chemically  bonded 
sand,  In  addition,  dove  control  over  the  design  and 
fabrication  of  moulds  for  large  castings  is  essential  if 
the  aforementioned  characteristics  are  to  be  achieved 

Experiences  showed  that  moulding  sand  lobe  used  for 
producing  large  aluminium  castings  should  have  the 
following  specific  characteristics'  good  flowability. 
permeability,  tensile  strength,  and  compressive 
Strength,  high  hot  strength;  low  retained  strength;  and 
low  thermal  expansion  and  gas  evolution.  Good  mould 
and  core  sand  should  be  strong  enough  to  withstand 
handling  and  resist  deterioration  by  the  molten  metal 
at  elevated  temperatures,  have  good  permeability  to 
allow  the  passage  of  gas.  be  fiowable  and  display  good 
compaction  and  surface  finish  characteristics,  hold 
dimensional  tolerances  it  elevated  temperatures  and 
provide  case  in  shakeout  after  cooling  to  room 
temperature. 


The  required  properties  of  moulding  sand  arc 
dependent  upon  binder  type  and  amount.  Because  of 
the  length  of  lime  required  to  construct  a  mould  for  a 
large  aluminium  casting,  a  binder  th3t  displays  good 
mould  properties  after  prolonged  storage  and  provides 
flexible  work  and  stnp  times  is  required  These 
characteristics  are  displayed  by  an  oil  urethane  binder 

b)  Chill-Material 

The  function  of  chills  in  a  mould  is  to  promote 
directional  solidification  and  produce  a  microstructure 
with  fine  dendntc  arm  spacing  (DAS),The  influence  of 
the  chill  on  cooling  rate  is  related  to  the  volumetric  heat 
capacity  of  the  chill  material  Fine  DAS  (good 
properties)  is  dependent  upon  rapid  solidification  of 
the  cast  material  and  is  typically  finest  in  the  areas 
adjacent  to  the  chill.  Normally,  chill  materials  arc  of 
copper. iron,  aluminium  and  graphite. 

In  summary,  investigations  showed  that  the  use  of  chills 
is  essential  in  casting  aluminium  parts  requmng  good 
properties.  To  obtain  maximum  properties  m  a  cast 
part,  a  rapid  solidification  rate  is  required  This  is  best 
achieved  with  copper  chills  because  of  the  high  thermal 
conductivity  of  copper.  However,  the  cost  of  copper 
makes  it  economically  impractical  to  use  it  for  all  chills 
Hence,  a  combination  of  copper  chills  in  the  heavy 
(greater  than  25  mm)  sections  and  aluminium  dulls  in 
thchghter  sections  (S  to  25  mm)  may  be  used  to  reduce 
costs. 

Both  types  of  dulls  will  promote  directional 
solidification  and  enhance  the  mechanical  properties 
of  the  casting.  The  configuration  of  the  dulls  will  be 
dictated  by  the  shape  of  the  area  to  be  dulled.  Proper 
use  and  positioning  of  chills  in  the  mould  win  reduce 
the  possibility  of  casting  defects  such  as  shrinkage, 
misruns,  and  cold  shuts 

c)  Insulation  Material 

Insulating  materials  such  as  plaster,  ceramic  and 
fibrous  material  arc  used  by  the  casting  industry  to 
provide  improved  fluidity  and/or  decrease  the 
solidification  rate  of  molten  aluminium  These 
materials  are  commonly  used  to  insulate  risers  or  thin 
sections  of  alt*,  inlum  sections,  which  are  susceptible 
to  cold  shuts  or  misruns. 

d)  Gating  Techniques 

The  gating  technique  used  to  get  metal  into  the  mould 
cavity  is  one  of  the  most  important  contributors  to  the 
production  of  sound  casting  Improper  gating  practice 
can  result  in  a  wide  vanety  of  casting  defects  Right 
gating  techniques  have  to  be  used  to  ensure  the 
promotion  of  d’rectional  solidification,  adequate 
mould  filling,  proper  nser  feeding,  and  minimum 
turbulence.  Gating  parameters  arc  gating  ratio,  spree 
height  and  sh3pe.strainingmatenals  and  riser  size  and 
location. 

One  of  the  first  concerns  in  designing  a  gating  system  is 
to  determine  if  the  part  should  be  cast  vertically  or 
horizontally.  Horizontal  gating  is  the  movi  commonly 
used  technique  because  it  is  generally  less  complicated 
to  mould,  has  less  hydrostatic  pressure,  and  produces 
less  metal  turbulence.  However,  large,  thin-wall 
castings  are  impractical  to  cast  m  a  horizon tal  position 
because  of  non-uniform  directional  solidification  and 
the  potential  for  mould  sag. 
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When  parts  arc  cast  in  the  vertical  position,  directional 
solidification  is  promoted  because  the  metal  is  gated 
into  the  casting  only  when  and  where  metal  is  required. 
Solidification  then  can  be  controlled  by  judicious 
placement  of  chill,  thus  allowing  the  metal  to  solidify 
towards  each  nscr/ingate  combination  The  main 
disadvantage  of  vertically-gating  large,  thln-wall 
castings  is  a  large  sprue  height  that  will  cause  metal 
turbulence  if  not  properly  designed. 

1 .2.2.2  Premium  Sand  Casting 
Premium  sand  casting  is  more  expensive  than  conventional 
sand  and  investment  cavtmg  but  makes  it  possible  to 
manufacture  components  3600  X  2000  X  1900  mm  at 
minimum  wall  thicknesses  of  1.6  mm  and  high  tolerances 
(+0.4  mm  —  0  2  mm).  By  selective,  local  cooling,  good 
metallurpe  properties  and  thus  high  strength  values  can  be 
achieved  similar  to  those  achieved  by  conventional  sand 
casting. 

A  special  type  of  premium  sand  casting  is  the  low-pressure 
sand  casting  process.  Figure  3a.  A  low  pressure  casting 
machine  includes: 

•  a  tight  holding  furnace  (a)  with  an  inner  overpressu  re 
of  aboutO  2  to  1.5  bar  and  a  crucible  filled  with  molten 
metal 

•  »  filling  device  comprising  of  a  cast  iron  dip  tube  (b) 
and  an  injection  nozzle  (c)  allowing  molten  metal  to  be 
transferred  to  the  mould 


•  a  structure  (d)  holding  the  mould,  with  one  or  several 
pour-holes 

The  main  casting  stages  are  as  follows.  Figu  re  3b; 

•  progressive  pressurization  of  fu  mace  to  drive  the  metal 
up  through  the  tube 

•  then,  in  the  component  (from  point  A),  with  an  upward 
motion  speed  directly  related  to  this  pressunzation 

•  overpressure  is  applied  as  soon  as  the  mould  is  filled  up 
(from  point  B) 

•  this  overpressure  is  maintained  for  a  period 
corresponding  at  least  to  the  component  solidification 
range  (from  point  C  to  point  D) 

•  the  release  in  the  furnace  pressure  causes  the  non- 
sohdificd  metal  to  go  down  back  in  the  crucible 
through  the  tube  and  the  casting  nozzle. 

Great  care  should  be  taken; 

•  for  a  turbulence-free  filling  of  the  mould  so  that  oxides 
or  blowholes  are  avoided 

•  sothaf  mould  should  have  all  suitable  venting  ports 

to  get  u.  best  filling,  yet  avoiding  molten  metal  leaks 
when  pressurization  applies 

•  so  that  solidification  should  occur  first  in  the  most 
distant  parts  from  the  gating  system,  then,  gradually  in 
the  casting  till  it  reaches  those  gates  and  occurs  at  last  at 
the  injection  nozzles  level  which  will  be  the  seat  of 
solidification  shnnkage. 

The  improvements  achieved  by  low-pressure  sand  casting 
are 

1.  Kepv.  jtability  of  casting  conditions  through: 

•  total  control  of  casting  temperature  (furnace 
regulation) 

•  total  control  of  filling  speed  (gas  admission 
control) 

•  total  control  of  overpressure  after  filling  (through 
same  control  system  as  above) 

2.  Control  of  gradient  temperature 

The  metal  near  casting  gates  (for  they  act  as  feeder 
heads)  stays  liquid  longer  in  an  rotating  mould  (sand 
or  ceramic)  while  the  component  solidification  speed 
can  be  increased  using  metallic  densenerx, 

3  High  feeding  overpressure 

This  overpressu  re  is  applied  through  the  gating  system 
on  the  component  molten  metal  as  soon  as  filling  has 
ended  and  ranges  from  300  to  500  mbar.  which 
corresponds  to  a  feeder  head  height  of  about  IA  to  2,5 
m. 

This  high  value  largely  Increases  the  components 
density.  An  investment  pre-eoat  applied  on  the  moulds 
avoids  molten  metal  penetrating  into  the  sand. 

1.2.3  Titanium  Casting 

The  easting  of  titanium  and  its  alloy  presents  a  special 
problem  doc  to  the  high  reactivity  of  the  material  in  the 
molten  state.  This  requires  special  melting,  mould-making 
practices  and  equipment  to  prev  ent  alloy  contamination  At 
the  same  time,  titanium  castings  present  some  advantages 
when  compared  to  castings  of  other  metals. 
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Fig  5  Process  diagram  of  titanmm  investment  casting 

the  investment  casting  method  is  shovm  in  figure  5  This 
sequence  is  typical  for  producing  high  mtegnty  components 
for  gas  turbine  engines  and  airframes.  For  less  demanding 
applications,  some  steps,  such  as  hot  isostatic  pressing 
(HIPtng),  weld  repair,  or  heat  treatment. can  be  eliminated, 

a)  Rammed  Graphite  Mould 

Rammed  graphite  was  the  earliest  commercial  mould* 
making  technique  for  casting  titanium. Traditionally.a 
mixture  of  properly  size-fractioned  graphite  powder. 
pitch.com  syrup,  starch  and  water  is  rammed  against  a 
wooden  or  fibreglass  pattern  to  form  a  mould  section 
The  com  syrup  and  the  starch  give  the  mould  some 
green  strength  after  the  rammed  mould  has  been  dned 
in  air  for  24  h  or  for  shorter  periods  at  200’C  in  a 
drying  furnace.  The  mould  segments  arc  then  fired 
under  a  suitable  shield  for  24  h  at  102S‘C  causing  all 
the  constituents  to  catburizc  and  harden.  In  some 
cases,  watersolublc  binders  arc  used  in  the  mixture, 
which  then  docs  not  require  the  high  firing 
temperature. 

The  minimum  practical  wall  thickness  is  J  mm.  The 
mould  ramming  is  a  Iabour*intcmivc  process  which 
cannot  be  easily  mechanized  and  automated  using  the 
traditional  bmder/aggregate  mixture.  A  system  of 
gates  and  risers  assures  proper  molten  metal  flow 
during  the  casting  process,  and  causes  most  of  the 
shrinkage  porosity  to  occur  in  the  risers  and  the  gates, 
which  arc  not  part  of  the  finished  product 

The  graphite  mould  is  so  hard  that  it  must  be  chiselled 
off  the  cast  pans.  The  castings  arc  then  generally 
cleaned  in  an  acid  bath  (followed  by  chemical-milling 


and  weld  repair  if  necessary)  and  sand  blasted  for  good 
surface  appearance.  Care  is  needed  to  prevent 
hydrogen  pickup  during  the  acid  operations. 

In  large  or  complicated  shape  castings,  the  mould  can 
be  assembled  from  as  many  as  30  segments  In  large 
mould  segments  it  is  sometimes  difficult  to  control  the 
precise  shape  of  the  mould  dunng  the  d  rying  and  finng 
stages  which  limits  the  dimensional  accuracy  of  the 
final  product.  The  dimension  tolerances  of  large 
components  can  be  im prosed  by  using  shell  cores 
which  are  light,  hard  and  accurate,  or  by  using  the 
ceramic  moulds 

b)  Ceramic  Moulds 

In  this  method  ceramic  mould  segments  are  produced 
from  wooden  patterns  in  a  proprietary  process  which 
maintains  good  mould  accuracy  and  reproducibility. 
This  is  a  higher  cost  method  than  the  rammed  graphite 
technique  and. in  addi.ion,  the  ceramic  mould  is  more 
difficult  to  remove  from  the  cast  parts.  This  method  is 
most  appropriate  for  large  components  requiring 
accurate  dimensions  such  as  water-jet  pump  impellers 
for  hydrofoil  boats. 

c)  Investment  Casting 

In  this  method,  a  wax  pattern  is  produced  by  an 
injection  moulding  technique.  The  oversized  wax 
injection  tooling  cavity  is  produced  with  consideration 
of  wax,  ceramic  shell,  and  titanium  alloy  shrinkages. 
The  gating  system  pattern  is  added  to  the  prod  uct  wax 
pattern. 

The  p3?tcm  assembly  is  then  dipped  in  ceramic 
slurries,  stuccoed  and  dried,  This  is  repeated  several 
times  to  build  a  ceramic  shell  with  enough  strength  to 
sustain  the  molten  metal  pressure  after  being  hardened 
by  firing.  The  wax  pattern  is  then  removed  in  a  steam 
auto-clave,  which  leaves  the  mould  cavity  ready  for 
casting  after  firing.  The  minimum  practical  wall 
thickness  is  1,0  mm. 

To  improve  productivity,  many  duplicate  components 
can  be  east  in  a  duster  pattern.  The  injection  mould 
wax  pattern  production,  the  slurry  dipping  process, 
and  the  duster  patterns  make  this  method  adaptable  to 
automation  and  production  of  large-quantity  runs 
The  ceramic  shells  arc  placed  inside  the  mould 
chamber  of  the  vacuum  arc  furnace. The  casting  can  be 
done  on  a  centrifugal  table  to  assist  the  metal  flow  or. 
more  simply,  by  gravity  pouting  which  requires  higher 
temperature  preheat  of  the  shells  to  Increase  the 
molten  metal  flow. 

The  ceramic  shell  is  removed  after  casting,  as  well  av 
the  gating  system.  Investment  casting  provides  very 
good  dimensional  control  and  is  suitable  for 
production  of  high-quality  aerospace  engine 
components. 

1.2.3  J  Supplementary  Operations  and  Processes 

a)  Chemical  Etching 

Although  mould  materials  arc  chosen  for  minimal 
reactivity  with  molten  titanium,  there  is  always  some 
reaction  leaving  a  supcrfidiJ  layer  of  surface 
contamination.  This  is  removed  by  chemically  etching 
away  a  layer,  usually  0.13  to  OJS  mm  deep.  The  dies 
and  patterns  arc  made  oversee  so  that  the  etched 
castirgs  meet  drawing  dimensions-  This  chemical 
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etching  method  may,  under  some  circumstances,  be 
extended  to  provide  somewhat  thinner  wall  sections 
than  can  be  cast 

b)  Hot  Isostatic Pressing  (H IPj 

A  heated  argon-fiUed  pressure  vessel  (autoclave)  :s 
used  to  HIP  densify  titanium  alloy  castings.  If  the 
HIPing  Is  done  properly,  no  residual  voids  will  remain 
m  the  material  (diffusion  bonding)  except  for  surface 
connected  porosity.  This  type  of  porosity  cannot  be 
healed  by  HIPing,  unless  special  procedures  are 
followed,  and  must  be  weld  repaired 
The  HIPing  of  Ti-6AL-4V  is  typically  done  in  the 
temperature  range  890— 955*C at  pressures  of  700— 
1000  bar  for  2-4  h. 

In  the  case  of  titanium  castings,  a  can  or  a  mould  is 
unnecessary  to  obtain  dcnsificauon,  which  makes  it  a 
less  expensive  operation  than  HIPing  of  powders. 
HIPing  can  enhance  critical  mechanical  properties 
such  as  fatigue  resistance,  while  causing  no  serious 
degradation  in  properties  like  fracture  toughness, 
fatigue  crack  growth  rate,  and  tensile  strength. 
Therefore,  cast  parts  which  are  fatigue-cntical  are 
HIPed,  whether  these  be  for  airframe  components,  or 
engine  parts. 

c)  Weld  Repair 

Titanium  is  fully  weldable  allowing  repair  or  salvage 
operations  whenever  necessary  Weldments  have 
excellent  tensile  and  fatigue  properties  sometimes 
exceeding  those  of  the  base  metal. 

Therefore,  weld  repair  is  a  common  practice  for  filling 
gas  porosity  shrinkage  pores  exposed  by  chemical 
milling.  post-HIP  surface  depressions,  or  cold  shuts, 
for  applications  requiring  defect-free  components. 
Inert  gas  tungsten  arc  welding  is  typically  used. 

d)  Heat  Treatment 

T\vo  types  of  heat  treatment  arc  gcneruly  used  with 
titanium  alloy  castings.  The  first  is  a  post-casting  heat 
treatment  which  is  primarily  intended  to  relieve  the 
residual  stresses  which  result  from  coding  from  the 
molten  state,  and  the  second  is  designed  to  change  the 
cast  microstnicture  for  mechanical  property 
improvement.  This  latter  type  is  earned  out  at  higher 


temperatures  than  the  stress  relieving  treatment, 
typically  dose  to  or  above  the  beta  transus 
temperature. 

Since  titanium  castings  are  slow-cooled  in  insulating 
moulds  in  a  vacuum,  subsequent  thermal  treatment  is 
normally  unnecessary  since  the  castings  are  virtually 
‘annealed’  w  hile  still  in  the  moulds  Stresses  induced  by 
welding  can  be  relieved  by  a  simple  stress  relief  cycle  at 
650‘C. 

Straightening,  flattening  or  sizing  may  be 
accomplished  at  the  normal  stress  rehcf/anneal 
temperature  by  u$e  of  appropriate  fixtures  Alpha 
alloys  are  not  heat  treatable,  but  a  wide  range  of 
strengths  can  be  obtained  in  Alpha-Beta  or  Beta  alloys 
through  solution  treating  and  ageing. 

1.3.  CANDIDATE  MATERIALS 
Preference  is  given  to  the  casting  alloys  A357,  A201  and 
TiA16V4  (Table  1),  for  structures  in  aircraft,  on  account  of 
the  high  strength  values  of  these  alloys. 

The  siliceous  standard  casting  alloy  A357,  a  further 
development  of  A356,  has  particularly  good  casting 
properties,  producing  strength  values  between  R*  —  310 
N/mms  (investment  casting)  and  R„  —  340  N/mmJ 
(premium  casting)  depending  on  the  casting  process  and 
component  geometry 

The  silver-alloyed  and  highly  cupriferous  material  A201  is 
well  suited  when  high  demands  are  made  on  strength  values 
of  approx.  R„  -  420  N/mml  but  is  sensitive  to  heat-cracking 
dunng  casting. 

H’gh  purity  versions  of  A357  and  A201  are  now  under 
development  in  an  attempt  to  control  better  uniformity  and 
reproducibility  of  their  properties.  These  alloys  will  be 
known  as  B357  and  B201. 

Titanium  castings  are  produced  predominantly  from  the 
TIA16V4  alloy  and  various  commcrcullypurc  titanium 
grades.  However,  a  number  of  the  other  alloys  have  recently 
been  cast.  In  almost  all  cases,  these  arc  simply  cast  versions 
of  conventional  IM  alloys.  For  T1A16V4  the  guaranteed 
properties  are  approx.  R*  -  1000  N/mm*. 

1.4  APPLICATION  OF  HIE  HANDBOOK 

The  Handbook  should  provide  the  user  with  practical 
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information,  i  e.  design  data,  mechanical  values  and  quality 
assurance  methods,  but  not  with  manufacturing  data 
because  they  are  the  “know-how"  of  the  foundry,  "Hus 
Handbook  was  created  to  help  the  user  with  basic 
information  for  properly  designing  a  casting  ft  provides 
specific  information  on  design  data  and  includes  practical 
tips  on  how  to  prepare  a  drawing  for  a  casting. 

The  Handbook  was  also  designed  to  help  the  user  to 
understand  how  castings  can  be  used  as  reliable  and  cost- 
saving  components  in  their  products 

At  the  present  time  the  Handbook  will  cover  only  aircraft 
structural  applications  and  the  A357.  A201  and  TtAlf  V4 
alloys. 

In  the  next  step  the  Handbook  C3n  include  also  turbine- 
apphcation  and  other  casting-alloys. 

2  CASTING  DESIGN 

2.0  FLOW  DIAGRAM  "DESIGNERS  GUIDELINES' 


In  the  rough  design  stage  the  geometrical  design  data  and 
casting  techniques  should  be  taken  into  account,  according 
to  the  chosen  casting  method  (Investment,  Premium.  Sand 
or  Conventional  Sand  Casting)  This  is  the  reason  why  the 
casting  method  has  to  be  determined  very  early  on  by  the 
aircraft  designer.  Each  system  has  its  own  adv  antages.  w  hich 
will  help  to  optimize  the  part  with  reg3rd  to  stress,  weight 
and  cost. 

There  are  some  features,  that  can  be  used  as  a  first  design 
step  to  check  whethera  casting  solution  is  apphcableor  not 

a)  Outer  contour  and geomet/y 

The  more  complex  the  shapes,  the  greater  is  the 
advantage  of  casting,  because  the  machining 
expenditure  is  very  high  for  spherical  contours. 

b)  Owrall  dimensions 

The  overall  dimensions  of  the  component  considered 
have  to  be  checked  with  regard  to  feasibility  by  the 
foundries,  because  for  each  casting  method  there  is  a 
limit  to  production  possibility 


c)  Wall  thickness 

In  general,  castings  can  be  produced  with  the  mini  mum 
wall  thickness  of  1.5  to  1.8  mm.  However,  designs  with 
thinner  walls  are  possible. 

d)  Tolerances 

It  is  indisputable  that  the  tolerances  obtained  by 
casting  are  somewhat  higher  than  those  produced  by 
machining.  Thus  it  is  very  important  to  know  whether 
these  tolerances  are  acceptable  with  regard  to  the 
assembly  or  to  the  outer  aerodynamics  surface 
requirements.  In  many  cases  these  casting  tolerances 
may  be  suitable  for  the  design  without  large 
expenditure  by  shimming 

c)  Loads 

In  early  design,  a  rough  calculation  has  to  be  made  for 
the  selection  of  the  right  casting  material.  If  the  normal 
Abalbys  (A356,  A357)  will  not  fit  with  the  load  level, 
the  application  of  a  TV  alloy  may  be  considered. 

2.1.2  Selection  of  Casting  Method 

The  above  mentioned  features  have  to  be  used  for  the 

selection  of  the  casting  method. 

The  following  check  list  should  help  the  devgner  to  find  the 
appropriate  casting  method  for  his  design 

1,  Outer  Dimensions 

Each  casting  method  is  determined  by  the  maximum 
overall  dimensions.  This  depends  on  the  equipment  of 
the  foundries,  i  e,  the  ceramic  dipping  tank  (Investment 
Casting)  or  the  heal  treatment  furnace  (Premium* 
Conventional  Sand  Casting),  for  example. 


machined  parts.  And  they  also  differ  according  to  the 
various  casting  methods.  So  the  designer  has  to  check 
whether  the  casting  allowances  are  suitable  for  the 
overall  assembly.  For  additional  information  sec  para. 


3,  Shape 

All  shapes  of  aircraft  parts  can  be  divided  into  three 
main  categonest 


2.1.3  Design  to  Cost 
2.1.3.1  Introduction 

A  pnmary  driving  factor  in  the  utilization  of  castings  is  cost 
reduction.  Many  studies  have  shown  that  castings  can  be 
extremely  cost  effectiveforparticukrapplications  The  two 
primary  application  are3s  are 

I.  Replacement  of  components  which  involve  assembly 

of  numerous  details  and 


4  Wall  Thickness 

Near!)  the  same  minimum  wall  thickness  can  be 
produced  with  the  casting  methods: 

Investment  Casting:  1 5  ±  0.15  mm 

Premium  Sand  Casting:  l^^^mm 

Conventional  Sand  Casting:-  2.5  ±  0.5  mm 

5.  Mechanical  Properties 

A  further  selection  future  is  the  mechanical 
properties.  Considering  the  same  casting  alloy  for  the 
three  casting  methods,  different  values  are  achievable 
(sec  Chapter  3). 

6.  Surface  Roughness 

This  point  is  only  of  concern  for  castings  located  at 
the  outer  contou  r  of  the  aircraft  structure  or  for 
mating  surfaces  w  hich  may  or  may  not  require 
subsequent  machining. Topical  surface  roughness  is  as 
shown: 

—  Invcstmert  Casting 
“  1.6— 3.2  pm— 65— 125  RMS 
— Premium  Sand  Casting 
-3  2-6.4  pm  -125-250  RMS 
—  Conventional  Sand  Casting 
-  6.4-1 2.5  pm-  250-500  RMS 
After  going  over  this  checklist,  the  suitable  casting  method 
should  be  dear  and  the  discussion  with  the  foundry  may 
start. 


2.  Replacement  of  components  requiring  extensive 
machining 

I  fowever,  there  is  no  firm  fixed  rutc  on  when  or  w  here  a 
casting  should  be  used.  The  economics  will  be  affected  by 
the  casting  process  selected,  production  volume,  matenal 
and  quality  requirements.  But  most  importantly  the 
economics  arc  affected  by  how  good  a  job  the  designer 
docs  in  designing  the  component  to  be  cast.  The  cost  of  a 
casting  can  easily  be  doubled  by  factors  controlled  by  the 
designer.  It  is  highly  recommended  that  the  designer  works 
with  one  or  more  foundries  in  developing  his  design 
The  foundry  should  make  suggestions  during  the 
conceptual  design  and  again  during  detail  design  stages 
(not  after  the  design  is  comp!eie).Tbc  importance  of  this  to 
get  cost  effective  high  quality  castings  can  not  be  over 
emphasized, 

2.I.3.2  Economical  Casting  Utilization 
Castings  are  not  a  panacea  for  all  aircraft  components. 
They  should  be  used  where  it  makes  sense  to  use  them. 

The  following  three  figures  show  three  different  aircraft 
applications; 

Simple  configuration  (2.1.3  2a),  semi-complex 
configuration  (2 1-3.2-b),  and  complex  configuration 
(2  U.2e). 

Assuming  typical  aircraft  production  quantities,  relative 
non-recurnng  and  rccurnng  costs  were  developed  for  the 
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baseline  design  and  for  a  cast  replacement  d  .sign 
As  can  be  seen.in  the  simple  configuration  the  non« 
recurring  costs  were  very  high  for  the  casting  compared  to 
the  machined  design  In  addition,  the  recurring  costs  were 
also  higher,  since  the  machining  required  on  the  machined 
design  was  fairly  simple.  In  summary,  this  would  be  a  poor 
application  for  castings. 

The  semi-complex  configuration,  however,  is  a  different 
story  It  involves  complex  machining  of  details  and 
assembly  of  these  details.  As  can  be  seen,  the  casting 
alternate  design  shows  1 5 -20%  cost  savings.  Where 
castings  arc  really  advantageous,  howeser,  is  in  the 
replacement  of  complex  configurations. This  particular 
application  insolves  extensile  machining  and  the  assembly 
of  a  large  number  of  details.  The  easting  al  ternate  design 
shows  a  very  high  cost  savings  potential  —  well  over  50%. 
In  the  above  eases,  production  quantity  made  no 
difference.  In  many  instances,  though,  the  non-recurring 
costs  may  be  very  high,  but  the  recurring  costs  very  low.  In 
thtsc  instances,  the  production  quantity  becomes  the 
determining  factor  in  whether  a  easting  is  selected  or  not. 

For  a  design  comparison  the  following  cost  parameters 
have  to  be  considered. 

Non  Recu  rring  Costs  (NRC): — Casting  tooling 
—  Inspection  pgs. 

—Tooling  for  machining 
—Transport  boxes 
—  Prototypes 

Recurring  Costs  (RC):  —  Casting  price 

—Inspection  work 
— Transport 


The  various  cost  parameters  differ  from  casting  method  to 
casting  mctliod  and  from  foundry  to  foundry  Therefore  all 
potential  foundries  have  to  be  asked  for  an  offer  for  every 
part,  because  it  is  not  easy  to  transfer  the  cost  from  one  part 
to  another  part. 

2.2  DESIGN  DETAILS 

This  section  deals  with  the  geometrical  rules  applicable  on 
the  mentioned  easting  method  Some  of  them  differ  from 
method  to  method  but  they  arc  mostly  equal  for  all  eastings 

The  following  features  should  be  considered  for  an 
optimized  casting; 

2  2. 1  Overall  dimensions 

22  2  Minimum  wall  thick  ness 

22.3  Radii 

224  Ribsandwcbs 

2.2.5  Material  accumulations 

22  6  Holes  located  in  nbs  and  webs 

2.2.7  Cross  section  transitions 

2.2.8  Loft  lines 

2.2.9  Cavities 

22.10  Channels  and  holes  as  east 
2  2.1 1  Added  material  for  machined  areas 

22.12  Draft  angles 

22.13  Fail-safe  design  examples 

22.14  Rivet  joints 
2.2.15  Welded  joints 

22.16  Chemical  milling 

22.17  DcsignatcdAmdcsigiuted  3  rcas 

22.18  Marring 
2.2.19  Tooling  points 
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2.2.1  Otcrall  Dimensions 

In  general,  maximum  dimensions  feasible  by  the  foundries 
arc  listed  below; 
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Wall  Thickness  (Investment  Casting) 

One  of  the  significant  advantages  erf  the  investment  casting 
process  is  the  ability  to  produce  very  thin  wall  thicknesses, 
compared  to  any  other  casting  method 

The  infinite  number  of  casting  configurations  and  sizes 
makes  it  difficult  to  recommend  general  wall  thicknesses 
The  graphic  illustration,  Fig.2  2.22  is  an  attempt  to  relate 
wall  thickness  to  wall  area. 


f 


The  incorporation  of  nbs  enables  the  foundry  to  produce 
thinner  walls  as  represented  m  Fig  2  2.2 1  by  curve  2,  as 
compared  to  curve  1  which  represents  the  thickness 
limitation  of  walls  without  nbs.  The  nbs  will  improve  metal 
feeding  and  enhance  stiffness,  and  nb  intersections  may  be 
used  as  feeding  points. 

Depending  on  design  considerations,  nbs  may  be  cast  in 
many  different  configurations,  two  examples  are  illustrated 


15 


2.2.3  Radii 

On  principle,  all  fitting  corners  should  haw  a  radtus.  The 
reasons  are  to  improve  the  material  flow  3nd  to  3void  crack, 
propagation  during  casting  and  use 

To  be  avoided: 


Recommended* 


Further  information  about  fillet  radii  is  given  in  the  diagram 
below,  shoeing  the  radii  in  dependence  on  the  wall  thickness 
for  investment  castings. 

Other  features  may1  be  cast  sharp,  such  as  O-ring  grooves, 
card  guides,  counter  bores,  waseguidc  passages  —  or  when 
functionally  required. 


fteture  t  bet  eta*  at 


Radii  at  FJangts 

In  many  cases  the  flange  of  a  w  cb  has  to  carry  mainly  shear 
loads,  and  only  this  determines  the  cross  section.  Then  the 
width  of  the  flange  can  be  made  smaller  in  a  casting  than  in  a 
machined  part  because  of  the  smaller  radius  *r\  which 
means  less  weight. 


AH  sharp  corners  should  be  3\oided.  i  e,  they  Should  be 
radiused  (see  detail  I).  This  will  help  to  obtain  a  better 
surface  protection  by  improving  adhesion  of  the  paint 


D»Rivet  b*ad  dia 
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2.2.4  Ribs  and  Webs 

The  advantage  of  higher  mechanical  properties  for  plate 
material  (7075  for  example)  has  to  be  compensated  for 
when  a  casting  is  considered. The  only  way  is  to  take  full 
advantage  of  the  production  of  nbs  and  webs  possible  by  the 
casting  method. 

The  possibility  of  this  compensation  depends  in  part  on 
function  and  partly  on  collective  load 

From  the  following  example  it  can  be  seen  that  for  a 
statically  loaded  part  the  disadvantage  of  the  lower 
mechanical  properties  can  be  eliminated,  and  even  for  a 
dynamically  loaded  part  a  weight  advantage  is  possible. 

1.  Example  (Statically  loaded) 


WM  *i'l 


•  mu  f*  twftnm  •'V  WrtW 


2,  Example  (Dynamically  loaded) 


•  IWi  for  fr»»tKi.,  M'Ciitl^g  I'l  tlgutf  MMnlti)  troo*r\iti 


2.2.5  Material  Accumulation 

To  avoid  shrinking,  the  material  thickness  should  be 
approximately  equal.  This  measure  helps  to  improve  the 
weight  situation,  too. 
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2.2.6  1  lolcs  Located  In  Ribs  and  Webs 

For  the  investment  casting  method  it  is  of  some  advantage  to 


provide  some  holes  in  a  web  within  a  large  area.  This  is  to 
support  the  ceramic  mould. 

EXAWtE' 


2.2.7  Cross-Sectional  Transitions 
If  a  step  has  to  be  designed  (m  the  thickness),  the  transition 
should  be  carefully  considered  The  founder  (with  regard  to 
the  material  flow)  and  the  stress  man  (with  regard  to  the 
dynamic  loads)  do  not  favour  a  short  transition  (see 
following  example). 

Examples  for  all  casting  methods 


But  if  for  any  reason  a  large  step  is  desired,  the  premium 
process  can  provide  that  (see  example  below) 


Example  for  premium  process 
2.2  8  Loft  Lines 

The  majority  of  solid  parts  of  an  aircraft  are  in  some  way 
related  to  the  theoretical  outer  contour,  the  loft  line.  This 
means  the  production  of  single  or  double  cu  r\ed  su  rfaces  on 
flanges  and  chord  sections. 

Here  a  casting  has  an  advantage  because  spherical  surfaces 
on  the  die  for  the  mould  need  only  to  be  machined  once. 
The  inner  surface  of  a  flange  should  be  parallel  to  the  loft. 
This  makes  it  easier  to  define  all  connection  parts  and  in 
addition  results  in  a  weight  reduction  (see  example). 


PFr-j .  This  symbol  should  not  be  omitted  for  the  definition  of 
the  loft  and  shows  the  allowable  tolerance. 

These  resulting  deviations  haw  to  be  considered  as  an 
important  criterion,  if  loft  lines  are  produced  on  a 
casting  The  importance  of  position  and  waviness 
tolerances  and  in  particular  their  definition  should  be 
very  dea  r  to  the  designer  and  haw  to  be  discussed  with 
the  foundry  It  is  indispensable  that  both  designer  and 
founder  use  the  same  terms  (for  more  information  see 
chapter  2  3). 

The  foundry  has  to  be  presided  by  the  designer  with  the 
suitable  loft  line  data  in  the  form  of  tables,  drawings  or  tapes 


2.2  9  Cavities 

A  further  advantage  of  casting  design  is  the  possibility  of 
providing  cavities.  This  will  increase  the  degree  of 
integration,  re.  reduce  the  number  of  parts 

It  should  be  borne  in  mind  that  the  core  needed  must  be 
sufficiently  supported  by  several  bolts 

The  minimum  diameter  of  the  required  holes  should  be 
approximately  IS  mm,  but  th»  and  spacing  of  these  holes  for 
the  core  support  has  to  be  discussed  with  the  founder  and 
agreed  by  him,  because  location  and  number  of  bolts 
depend  on  the  geometry  of  the  pans  and  have  a  great 
influence  on  the  tolerances 

A  second  purpose  of  these  holes  is  to  allow  the  removal  of 
the  fost  cores  from  the  casting. 

Later,  in  service,  they  can  be  used  as  inspection  holes  by  the 
airlines.  If  they  arc  in  the  outer  contour  and  arc  to  be  dosed, 
this  can  be  done  by  riveting  or  welding. 

Below  arc  shown  some  examples  of  cavities  on  castings. 


a)  Lip  of  the  “Forward  Inlet'* casting 
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Through  Holes 

Almost  any  size  of  through  hole  can  be  cast,  provided  that 
certain  conditions  are  met. 


The  figure  below  gives  a  graphical  description  of  the 
recommended  diameter  to  length  ratio 
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e)  A  proposed  casting  of  a  vane: 


2.2.10  Channels  and  Koto  as  Cast 
In  the  special  case  of  a  bearing  that  requires  lubrication  it  is 
possible  to  place  the  grease  rupple  in  a  practical  location.  A 
channel  for  the  grease  can  be  provided  b)  the  founder, 
without  complex  dolling  in  the  machine  shop  (see  sketch 

below). 
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2.2.12  Drift  Antics 

Normally  there  is  no  need  for  draft  angles.  For  casting 
processes  using  sand  as  the  moulding  material,  a  draft  angle 
is  needed  on  certain  flanges.  It  should  be  taV.cn  into  account 
that  the  draft  angle  means  more  weight  and  it  is  therefore 
necessary  to  minimize  its  use. 


2.2.13  Fail  Safe  Design  Examples 

In  some  design  eases  there  is  a  need  for  a  second  load  path  in 

primaty  structures. 

The  normal  design  method  solves  this  problem  by  providing 
a  second  machined  part  meted  to  the  other.  So  if  one  part 
fails  the  load  is  earned  by  the  other  one. 

This  pnneiple  can  also  be  used  for  a  casting.  Below  are 
shown  two  examples  of  a  fail-safe  construction; 


2.2.14  Rivet  Joints 

Generally  this  topic  embraces  a  large  range,  and  there  is  a 
great  deal  of  experience  of  con  nect  mg  metal!  ie  st  ructu  res  by 
riveting.  What  do  these  values  look  like  for  cast  materials 
(Al/T)? 

Questions  which  will  concern  the  designer  on  detail  design 
points  include: 

—  Kind  of  rivet 

—  Rivet  diameter 

—  Spacing 

—  Edge  distance 

—  Hole  fit 

— Thickness  of  the  joint  member 

—  Rivet  fracture  values 

—  Rivet  fatigue  value 

With  regard  to  above  mentioned  questions,  several  tests 
were  performed  under  the  'Economic  Structures 
Technology-Metals"  program  founded  by  the  Federal 
Ministry  of  Defence  of  Germany 
The  conclusions  of  these  tests  arc  as  follows: 

•  It  is  possible  tojomAl-casi-al’o)  A3S7  without  special 
production  cxjwditure, 

•  The  j/anc stress  behaviour  of  the  rutted  test  specimen 
was  the  same  when  solid  Al-nvetv  were  used.  But  w  hen 
blind  or  dose  tolerance  mcis  arc  installed  the  cast 
matent’  has  a  slight  disadvantage  (see  Fig.2  2.1 4.1). 

•  For  fatigue  loading  the  alloy  A357  showed  a  slight 
advantage  in  smaller  decrease  of  fatigue  life  (see 
Fig  2  2.14.2). 
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Several  lands  of  nvets  (solid-Al-Monel-TL  blind  and  clove 
tolerance  nvets  from  steel  and  Ti)  have  been  considered.  No 
fracture  cracks  have  appeared  at  the  joint  during  installation 
(Note  the  increase  of  the  body  for  solid  rivets). 

A  further  point  is  mating  of  material.  In  future,  there  will  be 
more  and  more  Al-alloy  —  Carbon  Fibre  Reinforced  Plastic 
and  Al-a!Ioy  —  Ti-alloy  combinations.  Also  no  special 


requirements  have  been  found  for  A357-matenal  versus 
wrought  alloys  in  these  combinations. 

For  oil  these  aspects,  the  designer  does  not  haw  to  consider 
special  points  and  alterations  of  his  known  rules  with  regard  to 
the  integration  of  castings. 

For  all  static  and  dynamic  stress  values  see  Chapter  3 


Fig  2  2.141  Results  of  state  tests 


Picture  b 


-  single  load  at  specimen  with  low  load  transfer 


-  Rivet  dia  * 
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-  o  Al-Alloy 

A357-T6  (casting) 

t  Al-Alloy 

3.4364  (wrought) 
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Scource:  Oounal  "Aluminlua"  (Ger) 
58.  Edition.  1982-3 
Author:  K.  Hoffer,  Bremen 


Fig  2  2.14  2  FatiguoWaoIrK^iwooeciions 


2.2.15  Welded  Joints 

Special  applications  arc  conceivable  where  several  castings 
are  joined  bj  welding  In  this  case,  the  designer  has  to  define 
the  welding  joint  according  to  the  chosen  welding  process. 

Some  features  ha\etobe  considered; 

Alloy  —  A357<  •  Use  base  metal  as  filler  metal 

•  Notice  the  decrease  of  mechanical  values 
in  the  welding  zone: 


Residual  properties 
of  the  base  metal  A357 

Welding 

Process 

Rp02/Rm 

A5 

EB 

95% 

30% 

TIG  ! 

55% 

60% 

No  deerease  of mechanical  properties.  if a  htal  treatment 
(T6)  is  performed  after  welling. 

No  higher  suscepnbthty  to  corrosion 
No  disadvantage  for  cycle  loads. 


see  same  features  mentioned  for  alloy  A 357. 
but  note  some  differences: 

•  As  little  heat  penetration  as  possible 

♦  Decrease  of  mechanical  properties  in  the 
welding  zone 


Residua]  properties 
of  the  base  metal  (Avior  A) 

Welding 

Process 

Rp02/Rm 

A5 

EB 

TIG 

75% 

40% 

•  Surface  protection  absolutely  necessary,  because  of  the 

high  susceptibility  to  corrosion. 

Because  of  the  stress  corrosion,  a  heat  treatment  T7  is 
necessary 

2.2.16  Chemical  Milling 

Chemical  milling  is  a  normal  process  for  sheet  and  plate.  It  is 
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mainly  used  on  sUnS  in  areas  where  different  stress  levels 
allow  vanous  material  thicknesses,  which  means  saving  of 
weight. 

In  some  cases,  that  ideals  interesting  for  castings,  too  We 
know  of  Al-alloys,  like  A201,  that  have  high  mechanical 
properties,  but  low  castabihly:  for  example,  the  minimum 
wall  thickness  for  A201  is  about  3  mm  (0 12"). 

This  is  a  great  disadvantage,  because  the  normal  structural 
parts  have  a  small  area  for  introducing  high  loads  but  in  the 
larger  areas  there  may  be  no  reason  for  such  a  wall  thickness. 
In  that  ease,  if  a  local  reduction  is  required,  the  “chemical 
milling"  process  should  be  taken  into  consideration 

In  addition,  it  is  possible  to  use  the  cheaper  sand  casting 
method  and  to  reduce  the  higher  wall  thickness  by  chemical 
milling. 

For  the  design  the  same  features  as  used  for  wrought  products 
can  be  transfered  to  castings! 

2  2.17  Desigiuted/Undesignttcd  Areas 
It  is  generally  important  to  divide  a  casting  into  designated 
and  undesignated  areas. This  is  valid  for  economic  as  w  ell  as 
mechanical  and  geometrical  reasons. 

Mechanical  areas; 

Most  structural  pans  have  areas  where  higher  loads  have  to 
be  introduced.  These  areas  must  be  marked  on  the  drawing 
within  a  dash-dotted  line.  Here,  the  founder  will  provide  and 
guarantee  the  higher  mechanical  properties  and  a  better 
grade  of  x-ray  As  they  will  greatly  influence  the  cost,  the 
designated  areas  should  be  kept  as  small  as  the  designer  can 
permit. 


2.2.18  Marking 

The  necessary  marking  of  castings  has  to  be  done  by  the 
foundry  Normally  they  will  work  the  identification  mark 
into  the  mould  so  that  the  letters  will  be  in  raised  form  on  the 
casting.  For  small  parts  and  where  the  raised  letters  will  not 
fit  the  assembly,  a  rubber  stamp  is  possible. 

The  Identification  mark  should  include: 

—  part  number  (refenng  to  the  aircraft  drawing 
numbering  system) 

—  number  of  the  material  specification 

—  name  of  the  foundry 

The  size  of  the  letters  and  the  position  of  the  marking  have  to 
be  defined  on  the  drawing. 

Further  information  has  to  be  taken  from  the  applicable 
aircraft  standard. 

2.2.19  Tooling  Points 

To  ensure  that  dimenslomng  of  drawings  is  consistent 
throughout  the  industry,  a  standard  procedure  has  been  set 
up  to  identify  important  points  and  p'anes  for  all  set-ups,  in 
the  foundry,  at  the  aircraft  manufactory  inspection  and  for 
machining.  The  system  of  tooling  points  and  datum  planes 
described  here  will  help  in  the  preparation  of  drawings  and 
ensure  the  casting  quality. 

Cast  surface  irregularities  may  be  present  in  any  casting 
process.  While  these  irregularities  may  be  within  casting 
tolerances,  unless  they  arc  taken  into  consideration  dunng 
setup  (for  both  dimensional  inspection  and  machining) 
acceptable  surface  irrcgulanty  may  be  interpreted 
erroneously  as  lack  of  casting  consistency 


Marking  example: 


In  this  zone:  x-ray  grade.... 

2.  Undesignated  areas:  x-ray  grade.... 

Geometrical  areas. 

Gcomciical  critical  areas  arc  zones  where  small  tolerances 
have  to  be  met  by  the  foundry  for  certain  dimensions. 


<$>  Dissension  with  reduced  tolerances 


These  discontinuities  may  even  be  magnified  by  the  setup  to 
wrongly  show  a  casting  as  out  of  dimensional  tolerance! 

The  tooling  point  approach  eliminates  this  effect  of  cast 
surface  variations  on  setup. 

Specific  small  areas  of  the  cast  surface  arc  designated  as 
tooling  points.  Attention  can  then  be  given  to  these  areas  to 
assure  regularity.  In  casting  production  the  designated  areas 
will  be  avoided  where  a  processing  operation  might  result  in 
surface  irregularity 

Tooling  points  are  located  so  as  to  establish  three  datum 
planes.  Wherever  practical,  casting  dimensions  are  taken 
from  these  three  planes.  By  using  tooling  points  in  all  setups 
—  in  the  foundry,  at  aircraft  manufactory  inspection,  and  for 
machining  —  consistent  dimensions  can  be  ensured  of  the 
finished  part. 

Definition 

Tooling  points  are  specified  locations  on  accessible  surfaces 
of  a  casting  which  serve  as  points  of  fixture  contact  for 
inspection  and  subsequent  machining  operations.  These 
points  define  three  datum  planes  on  the  casting  for 
dimensioning  purposes. 

Tooling  Point  Symbol 

The  following  symbol  should  be  used  on  drawings  to 
indicate  tooling  points. 


jeerim  »ot«t 
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Drawing  Specification 

Tooling  points  should  be  indicated  on  drawings  as  shown  in 
22  19a,  The  datum  plane  may  be  defined  by  the  tooling 
point  symbol  or  designated  by  a  leader  and  the  appropriate 
letter  with  the  following  note  “Datum  Plane  A" 


tooling  point  location  should  not  be  changed  without  proper 
coordination  between  designer  and  founder 
Tooling  Point  Contacts 

Several  configurations  of  tooling  point  contacts  will  be 
employed: 


Definition  of  Datum  Plane 

Datum  planes  are  planes  of  origin  from  w  hich  features  of  the 
casting  arc  dimensioned 

Relationship  between  Tooling  Points  arui  Datum  Planes 
The  tooling  points  define  and  identify  three  datum  planes. 
The  datum  planes  arc  mutually  perpendicular  planes  unless 
otherwise  specified.  In  general,  tooling  points  should  be 
located  to  establish  the  first  datum  plane  with  three  points, 
the  second  datum  plane  with  two  points  and  the  third  datum 
plane  with  one  point  (see  2  2 I9.b), 


The  tooling  points  selected  should  be  shown  and  their 
location  must  be  dimensioned  on  the  drawing.  After  the 
drawing  has  been  released  for  product  ion.  datum  planes  and 


I.  Crown  type: 


2.  Rail  type: 


3.  Where  the  tooling  point  contact  is  on  a  surface  not 
normal  to  the  datum  plane,  the  centre  of  the  tooling 
point  contact  should  be  offset  as  illustrated  in  2  2 19  c 
However,  where  the  tooling  point  contact  radius  is  not 
greater  than  12  $  mm  and  angle  c  5',  offset  may  be 
disregarded. 
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Fig  2  219c 

4.  The  thml  type  of  tooling  point  contact  is  used  on 
spherical  or  multi plc-amed  surface  castings.  Here,  a 
somewhat  different  approach  in  establishing  datum 
planes  f$  required.  Tooling  point  contacts  are  90’  V 
contacts  and  may  be  either  fixed  or  mosablc  (see 
2  2.19  d). 

5.  The  fourth  type  of  tooling  point  contact I — also  used  on 
castings  hasing  circular  features  —  is  the  centring 
desice  or  three  jaw  chuck  (see  2219c). 


2 ,3.3  Investment  Casting  Tolerances 

Wax  or  plastic  temperature,  pressure,  die  temperature, 

mould  or  shell  composition  hack  up  sand,  firing 

temperature,  rate  of  cool,  position  of  the  part  on  a  Tree", 

and  he3t  treat  temperature — all  bear  directly  on  tolerances 

required  in  the  investment  casting  industry 

The  amount  of  tolerance  requi  red  to  cover  each  process  step 

is  dependent,  basically,  on  the  shape  and  size  of  the  casting 

and  viill  vary  from  foundry  to  foundry. 

This  is  because  one  foundry  may  specialize  in  thin  walled, 
highly  sophisticated  castings,  another  in  mass  production 
requirements,  and  yet  another  in  high  integrity  aerospace  or 
aircraft  applications. 

7oltTQ.nct  data  for  Ti-AlloyS  only: 
o  Minimum  Tol,  (for  wall  thickness);  ±  0.3  mm 

o  Flatness:  ±  0.003  mm/mm 

o  Linear  Tolerance:  ;fc0005inm/mm 


'  Walt  Thickness  Tolerance  (AI-Alloy) 

A  wall  thickness  m  4  casting  is  formed  by  two  parallel 
ceramic  walls  in  the  mould  stage  which  can  flex  if 
unsupported  and  lead  to  variations  in  wall  thickness  of  the 
casting. 

Therefore,  suice  the  flexing  of  the  2-mould  wall  increases 
with  the  size  of  the  mould  area,  the  wall  thickness  tolerance 
generally  increases  in  relation  to  the  size  of  the  wall  area 

Therefore,  any  opening  in  the  casting  wall  will  act  as  a 
support  between  the  mould  wall,  resulting  m  a  decreased 
tolerance  requi  remen  t.Thr  least  thickness  variation  occurs 
at  or  near  wall  supports,  i  e,  a  tolerance  of  ±  0 1  around  an 
opening  can  be  maintained  regardless  of  the  tolerance 
requirement  of  the  remaining  wall. 

For  general  wall  thickness  tolerances  refer  to  Figure  2  3  3a 


JFor  further  tolerance  information  see  example  below'  A  real 
casting  made  from  Al-alloy  is  shown 


The  Wowing  tolerance  information  for  imminent  casing 
has  been  taken  from  a  foundry's  Design  Data  Handbook. 


standard  linear  tolerances 

As  a  general  rule  , « .  normal  linear  to!- 
eranee  on  investment  cast  inti  can  be  as 
follow* f. Up  to  1"  £  0010".  For  each 
additional  inch  thereafter.  2:  0003*.  Fol¬ 
lowing  is  a  charts  indicating  expected 
normal  and  premium  tolerances: 

NORMAL  TOLERANCES  art  toler¬ 
ances  that  can  ba  expected. f°r 
production  repeatability  of  all  cast¬ 
ing  dimensions. 


PREMIUM  TOLERANCES  art  those 
which  require  added  operations  at 
extra  cost,  and  provide  for  closer 
tolerances  on  selected  dimensions. 
In  the  case  of  premium  tolerances, 
you  can  obtain  even  tighter  toler¬ 
ances  than  those  shown  on  the 
following  chart.  It  will  depend  on 
the  alloy  and  configuration  . . .  and 
should  be  determined  In  close  co¬ 
operation  with  your  Investment 
casting  supplier. 


LINEAR  TOtCRANCE 


up  to  V4* 

2  007* 

2  003* 

up  to  1' 

2  .010* 

2  005* 

up  to  2* 

2  013* 

2  008* 

up  to  3* 

2  016* 

2  .010* 

up  to  4* 

2  019* 

2  .012* 

up  to  5* 

2  022* 

*-  014* 

up  to  6* 

2  025* 

2  015* 

up  to  7’ 

2  .028* 

2  016* 

up  to  8* 

2  031* 

2  017* 

up  to  9* 

2  034* 

2  ,U8* 

up  to  10* 

2  .037* 

2  019* 

maximum 

variation 

2  040* 

Aa  iictptioa  !•  t*«  Standard  l««ar  Ttferaace 
tt'iU  *a  Pua  wax  tlOmi  arfitft  (K«  toler¬ 
ance  awst  be  a  wn***  tf  -  X20*. 


flatness  (dish) 

Flatness  and  straightness  are  so  closely 
related  that  confusion  may  arise  unless 
the  foundry  and  the  purchaser  reach 
definite  agreement  prior  to  production 
Mil  Std  8  states  that  **a  flatness  toler¬ 
ance  is  the  total  deviation  permitted 
from  a  plane  and  consists  of  the  distance 
betwten  two  parallel  planes  between 
which  the  entire  surface  ao  toleranced 
must  lie**.  In'  measuring,  the  parallel 
planes  must  be  the  minimum  distance 
apart 


The  degree  of  flatness  exhibited  in  an 
investment  casting  is  almost  always  de- 
te mined  by  the  amount  of  volumetric 
shrinkage  that  the  wax  and  metal  un¬ 
dergo  during  cooling.  This  shrinkage  is 
usually  In  the  center  of  the  mass  and  u 
referred  to  as  “dish*’  (shrinkage,  dip.  or 
“out  of  flat") .  This  dish  can  be  controlled 
(premium)  by  specialised  technique*, 
but  will  always  be  present  to  some  ex¬ 
tent.  General  flatness  tolerances  cannot 
be  quoted  as  they  vary  with  configuration 
and  alloy  used.  The  following  serves  as 
a  roueh  guide  in  areas  under  6  square 
Lnche,. 

effect  of  dishing 


hWT7T7*7TMH 

THICKNESS 

fACt  or  CASTING 

UP  to  U” 

not  Sigr»l<am 

V«*toV4- 

0002* 

V5*tol 

0004* 

orerl* 

0006* 

The  amount  of  dishing  allowed  is  in  ad¬ 
dition  to  the  basic  tolerance.  Thus  on  a 
block  of  1*  2f  0  005"  thick,  the  following 
would  apply; 


straightness  tolerance 

Straightness  may  be  a  real  problem  with 
certain  types  of  castings.  A' relatively 
thin,  short  part  may  bend  while  •  long 
heavy  part  may  not  Experience  tells  the 
foundry  that  a  given  design  may  bend, 
but  experience  cannot  say  to  what  extent 
As  a  rough  guide,  it  may  be  Mid  that  a 
constant  section  will  have  an  axial  bow 
of  0  005*  per  inch.  Ribs  and  guaaeta  will 
inhibit  warpage  and  wit)  also  hinder  the 
mechanical  straightening  of  whatever 
warpage  has  occurred. 

parallelism 

Casting  of  parts,  which  have  parallel 
prongs  supported  only  at  one  end.  pre¬ 
sent  a  very  special i red  type  of  problem 
and  should  be  discussed  fully  with  the 
foundry  prior  to  production. 


The  method  of  measuring  flatness 
should  be  specified  by  the  purchaser.  It 
may  vary  from  simple  surface  piste  and 
feeler  gage  techniques  up  to  full  layout 
with  equalization  and  dial  indicators 
(premium). 

straightness 

Mil  Std.  8  slates  that  ~a  tolerance  eoier- 
>ng  the  strsuhtness  of  an  axis  is  the 
diameter  or  width  within  which  the  axu 
must  lie**. 

It  it  obvious  from  this  that  to  correctly 
measure  axial  straightness  of  either  a 
shaft,  bar  or  plate,  the  tolerance  rone 
(within  which  the  axis  or  axial  plane 
lies)  must  be  measured. 


o*»  IM  sw  ms  •>  M  wfc  H<«  MWHf  M 

I**  *0#et4(  Sate  CW*V»<  IM  a  w*wM  K  M 

rt»K M 


Yoke  castings  also  present  a  very  spe¬ 
cialised  type  of  problem  and  should  be 
discussed  fully  with  the  foundry  prior  to 
production. 


Since  point  X  is  the  thickest  section. 
It  la  tha  ideal  point  to  gate.  It  U  also  the 
area  where  the  greatest  volumetric 
shrinkage  will  oocur.  Dimension  Y.  how¬ 
ever,  will  be  restrained  by  tha  ngid  mass 
of  refractory.  Tha  result  is  that  parallel¬ 
ism  is  difficult  to  maintain  and  will  be 
0010*  per  inch  of  L,  but  can  be  improved 
by  control  techniques  and  airing.  This 
condition  will  also  affect  any  through 
holas  usually  found  in  yokes.  When 
spscifiad.  wich  boles  should  carry  consid¬ 
erable  finish  stock  if  they  are  to  be  fin¬ 
ished  truly  concentric  or  hnt  reamed. 


The  tketch  ihowi  Hut  out  of  round* 
neee  in  either  diameter  doee  not  affect 
concentricity  becaute  concentricity  re* 
U  t««  the  center*  or  aierfcf  the  diameter*. 
Out  of  rwindneea  U  their  variance  from 
•  true  circle.  However,  in  i  »haft  or  tube. 
atruxhtncM  ha*  a  very  real  influence  on 
concentricity. 


angularity 

Anyular  tolerance  U  dependent  on  the 
configuration  forming  the  anjle. 


Sketch  “A**  cannot  be  *ired.  but  in 
certain  cate*  alter  »u!5*ctnt  daU  ha» 
been  reviewed,  the  d»e  can  be  rewoiked 
to  bnnj  the  part  cloeer  to  nominal  di* 
mention.  Sketche*  “B"  and  *‘C‘  can  be 
reworked  to  r  V  and  £  I  *  reepectively, 
Obviouily,  however  lh»t  it  dependent  on 
the  alloy  and  lu  condition. 


Diameter*  A  and  B  may  be  true  cir¬ 
cle*.  but  it  It  obnout  that  the  out  of 
*trai|htn«i*  condition  hat  affected 
concentricity. 
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positioning 

Tolerance  on  the  portion  of  hole*  and 
bosses  is  dependent  upon  configuration 
of  the  parent  casting.  Position  of  hole*  or 
bosses  on  the  periphery  of  example* 
ihown  under  concentricity  will  obviously 
be  affected  by  the  degree  of  eccentricity- 
»hown.  The  pou'.ion  of  hole*  or  bosse*  on 
a  flat  plate  will  be  controlled  by  the 
linear  tolerance*  already  given 
A  new  factor  enter*  here,  however. 
.The  linear  tolerance*  are  based  on  volu- 
metric  shrinkage;  hole*  and  bca*e*  dis¬ 
turb  thi*  shrinkage  pattern.  It  is  posaible 
to  reduce  theae  tolerance  band*  by  about 
10%  when  applying  them  to  a  configura¬ 
tion  that  disturb*  the  shrinkage  pattern. 
It  is  difficult  to  predict  the  exact  amount 
and  the  foundry  may  wish  to  rework  the 
tooling  to  take  full  advantage  of  these 
better  tolerances 


hole  tolerance 

The  round  ness  of  a  cast  hole  is  affected 
by  the  mass  of  surrounding  metal.  If  an 
uneven  mass  it  adjacent,  the  hole  will  be 
pulled  out  of  round  If  the  surrounding 
metal  is  symmetrical,  hole*  up  to  Vi* 
diam,  can  be  held  to  —  0003"  when 
checked  with  a  plug  gage.  Larger  holes 
may  be  affected  by  interior  shrinkage  or 
pulling,  and  the  foundry  should  be 
consulted 


Holes  and  bosses  on  a  parent  diame¬ 
ter  are  affected  by  the  degree  of  out  of 
roundness  exhibited  by  the  parent  di¬ 
ameter  although  the  notes  above  con¬ 
cerning  breakup  of  the  shrinkage  pattern 
are  still  valid. 

As  a  rule  of  thumb,  a  bolt  circle  diame¬ 
ter  carrying  hole*  and  bosses  will  have 
the  same  amount  of  out  of  soundness  a* 
any  other  diameter.  Thus  a  2*  BCD  wdi 
be  round  within  0025*  TIR.  This  U  best 
expressed  and  designed  for  in  term*  of 
true  position. 

The  parallelism  and  straightness  of 
such  hole*  U  a  function  of  the  straight¬ 
ness  of  the  parent  casting  and  the  tables 
already  given  will  apply. 


The  longer  the  hole  or  the  more  mass 
of  the  section  around  it,  the  more  pro¬ 
nounced  the  effect.  Some  shrinkage  con¬ 
cavity  will  be  present  to  some  extent  in 
all  casting*.  The  openings  at  top  and 
bottom  of  the  hole  will  be  approximately 
the  same  dimension  while  the  center  will 
be  a  larger  diameter  Thru  holes  which 
require  clearance  (this  can  be  checked 
using  a  plug-type  gage)  can  be  held  to 
fairly  close  tolerances  if  the  larger  diam¬ 
eter  in  the  center  is  ignored.  If,  however, 
the  sidewalls  of  the  hole  are  used  as 
bearing  surfaces,  a  simple  reaming  op¬ 
eration  will  size  the  cast  opening. 

The  lower  figure  shows  the  effect  of 
shrinkage  on  a  hole  diameter  when  a 
heavier  section  is  in  the  proximity  of  the 
hole  itself.  Note  that  the  diameter -is 
distorted  due  to  additional  mass  shrink¬ 
age  of  the  heavier  section.  The  figure 
shows  a  graphic  illustration  of  the  dis¬ 
tortion  which  will  be  present  to  a  greater 
or  lesser  degree  In  every  casting  when  a 
heavier  masa  affects  shrinkage. 


tapered  holes 

A.  TAPERED  WITHIN  THEM- 
SELVES.  The  note*  above  are  applica¬ 
ble.  We  recommend  that  auch  holes  be 
dimensioned  at  the  lesser  diameter  and 
the  angle  given  The  angle  can  be  held 
to  £  V*\ 

B  TAPERED  WITH  RESPECT  TO 
ANOTHER  FEATURE.  Here  again  the 
notes  on  holes  apply.  The  angle  from  any 
given  position  will  vary  £  1*« 
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perpendicularity 

When  perpendicularity  U  tpecififd,  the 
reference  plane  *hould  be  the  longer  of 
the  two  plane*,  the  datum  plane  to  be 
established  by  3  tooling  point* 

In  drawinf  of  the  caitinf  at  right,  aur- 
face  B  will  be  perpendicular  to  surface 
A  within  0  008'  per  1*  of  length  of  aur- 
face  B, 

Example ,  Length  of  B  =  3* 

0003*  x  3*  =0024* 
Therefore!  aurface  B  ahould  be  per¬ 
pendicular  to  aurface  A  within  0  024* 
TIR.  Some  improvement  on  tolerance 
can  be  effected  by  atraightening. 


The  tolerance  features  above  defined  can  also  be  used  for 
the  following  casting  processes.  They  differ  only  tn  their 
values. 

2,3.4  Premium  Casting 

For  all  casting  methods,  tolerances  depend  on  the  material 
used  for  tooling  and  for  the  mould 

Metallic  tooling  has  a  higher  accuracy  than  tooling  made  of 
wood.  Because  many  steps  arc  required  from  the  first  step 
for  the  tooling  up  to  the  finished  casting,  the  overall 
tolerances  of  a  dimension  arc  the  sum  of  many  single 
variations,  like: 

•  Variation  of  the  tooling 

•  Variation  of  the  mould  parts 

•  Variations  occurring  during  mould  assembly 

•  Expansion  behaviour  of  the  mould  during  heating 

•  Shrinking  behaviour  of  the  casting  alloy. 

The  list  may  not  be  complete,  bu;  it  gives  an  overview  of  the 
tolerances  which  will  anse  during  the  casting  process. 

The  following  diagram  shows  linear  tolerances  feasible  on  a 
Premium  Casting, 
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For  further  tolerance  information  sec  the  example  below  A 
real  casting  made  from  Al-alloy  is  shown.  It  is  a  typical  pan 
of  a  wing  area  of  a  transport  aircraft.  The  tolerances 
mentioned  have  boot  accepted  by  several  foundries  and  can 
be  used  as  an  example  of  Similar  parts. 

The  main  feature  is  the  tolerance  of  the  loft-lioe  surface  with 
regard  to  its  position  and  its  waviness. 


24.5  Conventional  Sand  Casting 
As  described  in  Section  24.4,  the  overall  tolerances  for 
conventional  Sand  Casting  have  the  same  ongmv  However, 
tn  many  cases  there  is  no  need  for  very  low  tolerances,  and 
so  the  conventional  Sand  Casting  process  with  its  cheaper 
tooling  and  mould  material  also  has  ns  applications. 


(HO  UlOKK  *»  InMHtll  W 

24.6  Rammed  Graphite  Casting  (Tl-Alloys) 
o  Minimum Tol (for  wall  thickness):  ±  0.8  mm 

©  Flatness:  ±  04  mm/mm 

©  Linear  Tolerance:  ±  04  nun/mm 
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CONCLUSION 

The  toler'occs  shown  in  this  chapter  for  Investment, 
Premium  and  Conventional  Sand  Casting  are  only  meant  as 
guidelines  for  the  first  design  step,  because  the  capabilities 
of  the  foundries  differ  slightly.  So,  after  considering  this 
Chapter  for  the  pre-design,  the  feasible  tolerances  may  be 
determined  after  discussion  with  the  foundry  specialists 
Another  pom  ns  the  fact  that  the  geometry  of  the  casting  also 
has  a  gre3t  influence  on  the  tolerances. 

But  it  can  be  said  that  castings  with  variations  acceptable  for 
neatly  every  structural  requirement  can  be  produced 


2  4  SURFACE  ROUGHNESS 

The  casting  surface  directly  depends  on  the  mould  material 

used  for  the  various  casting  methods. 

a)  Investment  Casting 

A  wax  model  of  the  casting,  produced  in  a  metal  tool, 
will  be  dipped  in  fluid  ceramic  material,  which  forms 
the  first  skin  of  the  mould.  Because  of  the  fine-grained 
ceramic  powder,  this  first  coat  Is  very  smooth  and  very 
neatly  reflects  the  surface  of  the  wax  model.  For  values 
sec  Table  2.4 1. 

b)  Premium  Sarul  Casttng'Comenttonal Sand  Casting/ 
TfRammed  Graphite  Casting . 

Because  the  casting  surface  is  a  pnnt  of  the  casting 
mould,  and  in  this  case  the  mould  ts  made  up  of  sand, 
the  surface  roughness  Is  higher  than  for  Investment 
casting.  Careful  selection  of  grain  size  and  additional 
coating  of  the  mould  areas  give  the  casting  surface 
sufficient  smootnness  for  aircraft  structure  application 
For  values  sec  Tabic  2  4 1 


Table  2,4 1 

Surface  roughness  depending  cn  the  casting  process 
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AS.Cenvtfllloe*!  5rvJ  Cmt*}  IZ.S  im  or  $00  MS 
Tt-Ii’ivMtwm-Cmi''?  i,2  in  Of  IIS  SMS 
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2.5  MATERIALS 

This  section  gives  brief  information  on  casting  materials 
used  in  the  ai  rcraft  industry  and  their  mechanical  properties. 

The  figures  given  will  help  the  designer  to  define  the 
necessary  material  and  to  determine  roughly  the  wall 
thickness  of  his  part  In  the  early  design  s»gc.  This  is 
important  with  regard  to  casting  method,  but  it  has  been 
noticed  that  the  precise  values  of  the  mechanical  properties 
differ  from  foundry  to  foundty  and  from  country  to  country 
(see  Chapter  3). 

Another  characteristic  is  the  fact  that  every  country  has  its 
own  material  specification.  Therefore  Figure  2.5.2  shows 
the  “Material  Specification  Comparison  Matrix*,  which 


explains  the  .Mfevent  specifications  of  each  country  for  the 
same  material  composition. 


2.6  SURFACE  PROTECTION 
Generally  it  can  be  said  that  all  protection  Systems  usually 
for  Al-alloys  are  also  applicable  on  casting  materials  (A356, 
A357).  However,  experience  has  shown  that  some  treatment 
parameters  have  to  be  changed  for  the  so-called  chromic 
acid  anodising  process.  The  reason  is  the  high  proportion  of 
Silicon  (approx.  7%). 


2.7  ADDITIONAL  DATA  ON  WORKSHOP  DRAWING 
To  assist  the  foundry  in  making  an  accurate  cost  estimate  of 
a  casting,  certain  information  should  be  on  the  drawing  in 
the  form  of  notes.  This  is  also  necessary  during  production, 
while  dies  and  tooling  are  being  made,  during  casting  and 
afterwards,  for  casting  inspection 
The  following  notes  should  be  on  every  casting  drawing 

1  Designated/undesignated  areas 

2  General  tolerance  information 

3.  Fillet  and  corner  radii,  if  not  specified  on  the  drawing 

4.  Type  of  casting  identification  marking 

5  Surface  roughness 

6  Patt  class 

7.  Material  specification 

8.  I  ieat  treating  specification 

9.  Mechanical  properties 
10  Inspection  specification 
11.  Final  finish  of  part 

12  Areas  where  no  repair  by  welding  is  permitted 


2.8  REPAIR 

2  8.1  Repair  by  the  Foundry 

If  there  arc  defects  in  the  casting  structure  it  is  generally 
permissible  to  repair  them  by  welding 

a)  Because  for  simple,  and  especially  for  complex  parts, 
welding  takes  place  before  heat  treatment,  there  is  no 
reduction  of  the  mechanical  properties 

b)  A  repair  specification  should  be  prepared  that  shows 
defect  sizes  and  geometnes  which  allow  repair  by 
welding. This  repair  process  has  to  be  done  by  qualified 
workers  (with  certification). 

Weld  repairs,  using  filler  material  of  the  same  composition 
as  the  casting, exhibit  parent  metal  mechanical  properties  A 
typical  welding  sequence  is  as  follows1 


Versus  *n»  tmu  u«i»s 

w  tM  1 4 


I  li 

•*>  Ml  ?  I* 
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IM  1*1  IM 


Tabte251 

CtemicaJ  Composition  cl  Atumirvuin  Casting  A  Soys  A356, 
A357.A201 
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Fig  2  5  2  Designation  used  in  material  specification  of  the  various  countries 


Fig  25  3  Mechanical  properties  of  normaly  used  casting  a&5ys 
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!,  Complete  removal  of  the  defect  by  grinding  or 
machining. 

2.  Re-examin3tion  by  radiographic  and  fluorescent 
penetrant  inspection  to  assure  the  completeness  of 
removal 

3  Degrease  and  chemical  cleaning 

4  Weld  in  inert  atmosphere  (Argon)  glove  box. 

5y  Vacuum  heat  treatment. 

6 ,  Fluorescent  penetrant  and  radiographic  inspection  of 
repaired  arc*. 

2  8  2  ‘In  Service"  Repair 

Parts  integrated  into  the  structure  by  nveting  should  be 
repaired  by  normal  methods  used  generally  on  solid  parts 
and  in  accordance  with  the  ARM  (Aircraft  Repair  Manual) 
This  means  mostly  that  rc-ihforcement  is  riveted  to  the 
casting  at  the  defective  location. 


3.  MECHANICAL  DATA 

3.1  GENERAL  INFORMATION 


3.1.1  International  Notation  and  Units 
Since  nearly  every  country  uses  its  own  notation  and  units  it 
is  necessary  to  determine  one  system  for  all  variables  in  this 
chapter  This  system  ts  the  ISO  (Aitemational 
standardisation  Organization). 

However  since  many  sources  use  USA  Standards  the 
system  with  its  units  is  also  tabled  below 
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3.2  MATERIAL  DATA 

This  section  contains  variables  of  the  aluminium  alloys 
A3S7.A20I  and  the  titanium  alloy  T1-6AMV  These  allots 
arc  suitable  for  aircraft  structure  application. 

For  comparison  of  the  material  specifications  and  chemical 
composition  of  the  mentioned  alloys  see  Section  25 
All  variables  shown  for  Rm.  Rp0.2  arc  specification  values, 
not  A*  and  B-dcsign  allowables  Actual  guaranteed  values 
should  be  established  for  each  casting  by  agreement 
between  the  user  and  the  foundry.  It  is  advisable  to  define  all 
descriptive  data  on  a  special  <!ata  sheet,  for  example- 
position  of  test  bars,  type  of  test  bars,  Rm,  Rp0.2.  A  ami  so 
on.  and  to  obtain  agreement  about  all  poults  with  the 
foundry.  This  agreement  has  to  be  part  of  the  contract 
between  the  foundry  and  the  user 

With  the  casting  methods  it  is  better  to  control  the 
mechanical  properties  of  a  part  rather  than  the  process 
method.  This  fact  should  be  used  by  the  designers,  for  con 
reduction  if  a  lowering  of  mechanical  properties  is  allowable 

3.2.1  Mechanical  Properties 

Table  3.2.1  shows  the  mechanical  properties  which  the 
foundries  can  achieve.  These  data  have  been  extracted  from 
many  documents,  literature,  foundry  brochures  etc.  Some 
values  are  not  available. because  no  information  wav  in  hand 
or  because  tests  have  not  yet  been  done. 

3.2.2  Strength  Behaviour  at  High  Temperatures 

All  metallic  materials  show  a  certain  loss  of  tensile  strength 
under  the  influence  of  elevated  temperatures  This  amount 
differs  from  material  to  material.  txit  there  arc  also  some 
other  aspects  that  influence  ihc  decrease  in  strength. 

a)  Time  of  exposure  to  elevated  temperatures 

b)  Atloy  composition 

c)  Heat  treatment  conditions 

d)  Wall  thidness  of  the  casting 

The  following  diagrams  can  be  used  only  as  examples  to 
show  the  tendencies. 


1)  ViIwj  not  jr ft  mllit'.e. 

2)  miw  «rt  v»ll4  for  OttlOMtrf 
•nj  rtnutMnj  »*t*$ 


Fig322  Diagram  for  AJ-a3oys  Fig323  Diagram  tor  TF6AMV 


i 

In  addition  to  the  above  diagrams  some  foundry*'  test  results  | 

arc  given  in  the  following  tables;  j 
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Alloy  A357-T6  (Source?  Alcoa.  USA).  Typical  mechanical  properties  at  various  temperatures 


Time 

At 

Temp, 

Tensile  Properties 

Temper¬ 

ature 

At  Temperature  Indicated 

At  Room  Temperature  After  Heating 

Tensile 

Yield 

Efong 

Modulus  of 

Tensile 

Yield 

Pong, 

(hi) 

Strength 

S'rcngth 

in  4D 

-  Elasticity^ 

Strength 

Strength 

in4D 

(psi) 

(p>o 

(percent) 

(million  psi) 

(psi) 

(PM) 

(percent) 

452T 
— 423’F 
-320‘F 

62.000 

48.000 

6 

—  1  !2'F 

55.000 

45.000 

6 

-  1ST 

54.000 

44,000 

6 

75T 

52.000 

_  42.000 

8 

10.4 

52.000 

42.000 

S 

2I2T 

lh 

46.000 

39,000 

10 

46,000 

39.000 

6 

10 

46.000 

39.000 

10 

50,000 

42,000 

6 

100 

46.000 

39.000 

10 

50  000 

45.000 

6 

1.000 

46.000 

40.000 

8 

47,000 

42.000 

6 

10.000 

48,000 

45,000 

6 

300‘F 

'/* 

39,000 

35,000 

10 

10 

41.000 

37.000 

9 

100 

42.000 

40.000 

7 

1.000 

3S.000 

36.000 

7 

10.000 

23000 

21.000 

20 

350T 

% 

37.000 

34.000 

7 

10 

40.000 

38.000 

6 

100 

35.000 

33,000 

7 

1.000 

22.000 

20.000 

19 

10.000 

13.000 

11.000 

35 

40OT 

'/ 

36.000 

35.000 

6 

52.000 

45.000 

6 

10 

30.000 

2S.OOO 

7 

44.000 

3S.000 

7 

100 

23,000 

21.000 

23 

35.000 

27,000 

9 

1.000 

12,000 

10.000 

40 

10.000 

10.000 

7.500 

50 

450T 

V, 

31,000 

30.000 

9 

10 

19.000 

18.000 

13 

100 

14.000 

13.000 

45 

1.000 

10,000 

50OT 

23.000 

22.000 

16 

10 

12.000 

11.000 

23 

100 

8.000 

7.000 

55 

1,000 

10.000 

600‘F 

% 

10 

10.000 

9,500 

35 

100 

1.000 

10.000 

( I  )The  modulus  of  elasticity  in  compression  is  about  2  percent  greater  than  in  tension. 
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ASoy  A201 -T7  (Source-  Alcoa,  USA)  Typical  mechanical  properties  at  various  temperatures 


Temper¬ 

ature 

Time 

At 

Temp. 

(hr) 

Tensile  Properties 

At  Temperature  Indicated 

At  Room  Temperature  After  Heating 

Tensile 

Strength 

(P«) 

Yield 

Strength 

(P»> 

Hlong. 

In4D 

(percent) 

Modulus  of 
Elasticity1* 
(million  psi) 

Tensile 

Strength 

(psi) 

Yield 

Strength 

(psi) 

Elong 

in4D 

(percent) 

-452T 
— 423'F 
-320T 
-112T 
-  1ST 

93.000 

93,000 

89,000 

77.000 

74,000 

81,000 

79,000 

75.000 

70.000 

67.000 

7 

8 

8 

6 

6 

75T 

72.000 

65,000 

6 

10.3 

72.000 

65,000 

65 

212T 

10 

too 

1.000 

10.000 

300T 

% 

10 

100 

1.000 

10,000 

64.000 

60,000 

58,000 

57,000 

54.000 

52,000 

9 

10 

6 

72.000 

70.000 

68,000 

65,000 

61.000 

58.000 

6 

6 

4 

350T 

v2 

10 

100 

1.000 

10.000 

54.000 

51.000 

43.000 

49.000 

46.000 

37.000 

10 

8 

9 

68,000 

63.000 

58.000 

61.000 

57.000 

45,000 

4 

4 

6 

400*F 

V; 

10 

100 

1.000 

10.000 

48,000 

39.000 

24.000 

42.000 

33.000 

18,000 

10 

16 

25 

66.000 

55.000 

41,000 

58.000 

44.000 

22.000 

5 

4 

12 

450T 

V; 

10 

100 

1.000 

10.000 

22,000 

19.000 

15,000 

13,000 

25 

25 

41,000 

37.000 

22.000 

18.000 

12 

13 

SOOT 

% 

10 

100 

1,000 

10.000 

16.000 

14,000 

13.000 

10.000 

25 

32 

38.000 

34.000 

20.000 

17.000 

12 

11 

60OT 

Vr 

10 

100 

1.000 

10.000 

9,000 

8.000 

8.000 

6.000 

48 

51 

34.000 

29,000 

14.000 

11,000 

12 

13 

(tyTlic  modulus  In  elasticity  in  compression  is  about  2  percent  greater  than  In  temion. 


TaWo  3  2.7 

Aloy  A201-T7  (Source.  Alcoa,  USA) 


Temper- 

ature 

Time 

Under 

Stress 

(hi) 

Stress  Rupture  and  Creep  Properties 

Fatigue 
Propertied1  > 

Stress  for  Rupture  and  Creep  in  Time  Indicated  (psi) 

Rupture 

1.0% 

Creep 

05% 

Creep 

02% 

Creep 

01% 

Creep 

No  of 
Cycles 

Stress 

(psi) 

75'F 

01 

1 

10 

100 

1.000 

1 

1 

1 

■ 

■ 

104 

10* 

10* 

10’ 

10* 

5X10* 

1 

0.1 

10 

100 

1.000 

1 

1 

■ 

■ 

■ 

■ 

300*F 

01 

1 

10 

100 

1.000 

57,000 

51.000 

45.000 

56,000 

51,000 

45.000 

56,000 

50.000 

45,000 

53.000 

49,000 

44,000 

52.000 

47.000 

41,000 

104 

105 

10* 

10’ 

10* 

5X10* 

350'F 

01 

1 

10 

100 

1.000 

48,000 

42.000 

35.000 

47,000 

42,000 

35,000 

46.000 

41,000 

35.000 

50.000 

45,000 

39,000 

34.000 

48.000 

43.000 

38.000 

<A 

X 

400‘F 

01 

1 

10 

100 

1.000 

42.000 

39.000 

33.000 

25,000 

42.000 

38.000 

33.000 

25,000 

41.000 

38.000 

32.000 

25,000 

40.000 

36.000 

30.000 

39,000 

32.000 

25.000 

104 

10* 

10* 

10’ 

10* 

5X10* 

450T 

01 

1 

10 

100 

1,000 

24,000 

24.000 

23.000 

27.000 

24.000 

!04 

10* 

10* 

10’ 

10* 

5X10* 

1 

500'F 

0! 

1 

10 

100 

1.000 

21.000 

20.000 

20.000 

18,000 

21.000 

104 

10* 

10* 

10’ 

10* 

5X10* 

600T 

0.1 

1 

10 

190 

1.000 

1 

1 

■ 

■ 

■ 

!04 

10* 

10* 

10’ 

10* 

5X10* 

(I)  Based  on  the  results  of  rotating  beam  tests  st  room  temperature  and  cantilever  beam  (rotating  load)  tests  at 
elevated  temperatures. 


Table  329 

Alley  A20 1-17  (Source,  Montupet.  France)  Ultimate  strength  properties  and  creep  deformation 


test 

temperature 

Exposure 
(in  hours) 

[  Ultmate  streng  th  properties  and  creep  deformation  | 

Ultmate  strength  stress  and  creep  deformation 
with  regard  to  the  exposure  time 

Ultimate 

strength 

stress 

creeping 

10% 

creeping 

05% 

creeping 

0.2% 

creeping 

01  % 

149*C 

01 

10 

393 

386 

386 

365 

359 

100 

332 

352 

345 

338 

324 

1.000 

310 

310 

310 

303 

283 

177*C 

01 

1 

345 

331 

10 

331 

324 

317 

310 

296 

100 

290 

290 

283 

264 

262 

1.000 

241 

241 

241 

234 

204-C 

0.1 

1 

290 

290 

2S3 

276 

269 

10 

269 

262 

262 

248 

221 

100 

22S 

228 

221 

207 

172 

1.000 

172 

172 

172 

232*C 

01 

10 

186 

165 

100 

165 

165 

159 

1.000 

260*C 

0.1 

1 

10 

100 

1.000 

145 

13? 

139 

124 

145 

42 


Investment  Cast  Ti-6A!-4  V 

Source  Howmet  Turbine  Components  Corp  .Ti-Cast.  Piv. 
Room  and  elevated  temperature  tensile  properties  are 
summarized  tn  Figure  3  2 10  Cast  strength  is  in  good 
agreement  with  wrought  behaviour.  Ductility,  while  lower 
than  the  wrought  form,  has  been  enhanced  by  HIP 
processing  and  «  not  compromised  by  the  transverse 
property  considerations  that  are  anticipated  in  forgings 


<-C 


test  temperature.  *f 


Fig  3  2  to 


3.2.3  Fatigue  Data 

With  the  increasing  use  of  castings  in  aircraft  structures 
there  is  a  strong  need  for  fatigue  data  beyond  the  normal 
values  of  the  mechanical  properties.  The  data  shown 
originate  from  the  various  programs  of  different  countries 
or  they  are  taken  from  foundry  specifications.  All  the 
references  arc  listed  at  the  end  of  the  section 

Generalities  about  fatigue; 

Aluminium  docs  not  exhibit  the  sharply  defined  fatigue  limit 
typically  shown  by  low-carbon  steel  in  S-N  tests.  For  smooth 
or  notched  coupon  tests,  where  lifetime  is  governed 
primarily  by  crack  initiation,  the  fatigue  resistance  is 
expressed  as  a  fatigue  strength  (stress)  for  a  given  number  of 
cycles.  In  tests  where  fatigue  crack  growth  is  of  interest,  the 
performance  of  aluminium  »s  measured  by  recording  the 
crack  growth  rate  (da/dN)  as  a  function  of  stress  intensity 
range  (AK).  S<e  Chapttr  6. 

U  is  generally  known  that  alloying  or  heat  treatment  that 
improves  tensile  strength  also  tends  to  increase  the  fatigue 
strength  of  aluminium.  However,  the  design  of  aluminium 
alloys  to  resist  failure  by  fatigue  mechanisms  has  not 
proceeded  to  the  same  extent  as  for  fracture  toughness. 

The  effect  of  large  constituent  particles  on  the  fatigue 
behaviour  of  high-strength  aluminium  alloys  is  highly 
dependent  upon  the  type  of  fatigue  test  or  stress  regime 
chosen  for  devaluation.  Reduced  iron  and  silicon  contents 


(for  A201)  do  not  always  result  in  improved  fatigue 
resistance  commensurate  with  the  previously  described 
improvement  in  fracture  toughness  Increased  punty  level 
does  not.  'or  instance,  produce  any  appreciable 
improvement  in  notched  or  smooth  S-N  fatigue  strength. 


FATIGUE  DATA 
FOR  THE  ALLOY  A357-T6 


Fatigue  Properties  Report  (acc.  to  1)  (MBB-Repon) 

The  figures  3  2.12  to  3  2  45  show  the  results  of  fatigue  tests 
specimens  of  the  alloy  A357-T6.  There  are  diagrams  of  the 
alloy  A357-T6  with  tests  made  from  investment-  and 
conventional  sand  castings.  In  Figure  3  2  11  are  pictured  the 
test  bars  used  for  the  different  ’Kf-factors,  The  fatigue  data 
are  given  in  Haigh  and  Woehler  diagrams.  After  each  Haigh- 
figure  follows  the  Woehler-lmes  belonging  to  it.  The 
following  values  have  been  considered* 

A1  alloy  A357-T6  Investment  Casting 

Kt-IO  Figure 3 2  12 -3 2.15 
Kt  — 2  S*  Figure  3  2.16— 32  19 
Kt- 3.6:  Figure  3  220- 3222 
Al  alloy  A357-T6  Conv.  Sand  Casting 

Kt—  1 0*  Figure  3  2  23  —  3  2  27 
Kt  —  2.5:  Figure  3  2  28  —  3  2  31 
Kt- 3  6;  Figure  3  2.32 -3  2.34 
AI  alloy  A357-T6  Premium  Casting 

Kt- 10*  Figure  32.35-3  2.38 
Kt  —  2.5:  Figure  3  2.39  —  3  2  42 
Kt  —  3  6*  Figure  3  2.43  —  3  2  45 


Of  further  interest  »s  the  matter  of  fatigue  behaviour  of 
casting  in  comparison  with  that  of  normal  wrought 
matenals.  The  Figures  3  2  46  to  3.2  48  show  this  for  the 
already  mentioned  notch  factors  Kt  -  1 0. 2i  and  3/5  The 
stress  ratio  for  all  three  diagrams  was  the  same  R  -  0 1 


Additional  fatigue  test  data  for  alloy  A357  were  provided  by 
Cercast  and  Alcoa  (Figures  3  2  49  and  3  2  50). 
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Fig  3  2  »  Test  speomen  according  to  Report 
TM61/71.1BF’ 
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F»g  3  2.16  Ha>gh  Diagram 
Material:  A357-T6/lnvestmenl  Casting 
Concentration  Factor  K,-2  5 


Fig  3  2 17 
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Fig  3  2 19 
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F»g  3  2  20  Haigh  Diagram 
Material;  A357*T6/lnvestment  Casting 
Concentration  Factor;  K,  -  3  6 


Fig  3  2  23  Haigh  Oagfam 
Material;  A357-T6/Conv.  Sand  Casing 
Concentration  Factor:  K,- 1 0 
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Conv.  Sand  Casting 
A357-T6 

Thickness:  4  mm,  machined 
frequency:  20  HZ 


Net  Section 


Kt  *  1,0 
R  =-1,0 


Cycles  to  failure  N 


Fig  3  2  28  Haigh  Diagram 
Material.  A357*T6/Conv.  Sand  Casting 
Concentration  Factor.  K,  -  2  5 


Stress  Amplitude  N/cra*  |  Stress  Amplitude 
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Fig  3  2  31 


Stress  Amplitude  N/cn* 


F»g  3  2  32  Ha>gh  Diagram 
Material  A357-T6/Corv  Sand  Casing 
Concentration  Factor:  K,  -  3.6 


Fig  3  2.33 


Ftg3235  HaSgh  Diagram 
Material:  A357*T6/Prefr*jm  Casing 
Concentration  Factor.  K,  - 1 0 
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Thickness:  4  rra,  machined 

Frequency:  20  HZ 
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Fig  3  2.45 
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Fig  3  2  46  Stress  Cycle  Investigation 
Comparison  d  Casing  Alloy  A357*T6  with  Normal 
Wrought  Materials  (Kt  - 1 0) 


Fig  3  2.47  Stress  Cycle  Investigation 
Comparison  of  Casting  ABoy  A357-T6  with  Normal 
Wrought  Materials  (Kt  -25) 
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Fig  3  2  46  Stress  Cycle  Investigation 
Comparison  c4  Casing  Alloy  A357-T6  with  Normal 
Wrought  Materials  (Kt  -  3  6) 


Fig  3  2  50  Fabgua  li<e  Diagram  o<  A357-T6  ABoy 


Fig  3  2  51  Fatigue  Life  Diagram  of  A357-T 6  Alloy  m  Comparison  with  a  Magnesium  ABoy 

FATIGUE  DATA 
FOR  THE  ALLOY  A20I*T7 


Fatigue  Properties  Report  (ace.  to  5)  (Northrop-Report) 


Fig  3  2  52  Fatigue  Life  Diagram  of  A201  -T7  ABoy 
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Fatigue  Properties  Report  (acc.  to  5)  (Northrop  Report) 
Figure  3  2.52  compares  the  fatigue  hfe  of  alloy  A201-T7  of 
tw-o  different  material  suppliers  Both  sets  of  data  agree  well 

Fatigue  Properties  Report  (aec.  to  6) 

(Report  from  LB  Hallowd!) 

The  fatigue  limit  for  A201  alloy  is  considered  a  httle  lower 
than  some  of  the  other  alloys. 

The  fatigue  resistance  how  ever  is  affected  by  factors  such  as 
microporosity  (microshnnhage  or  gas  porosity)  and  this 
indicates  the  importance  of  controlled  casting  practices  for 
premium  castings. 

The  fatigue  resistance  is  also  affected  by  the  secondary 
dendntc  arm  spacing  or  cooling  rates  and  the  larger 
dendrite  arm  spacing  with  slower  cooling  rates  reduces  the 
life. 

Work  conducted  indicates  the  endurance  limit  is  not 
reached  at  10*  cycles  in  axial  fatigue,  either  tension* tension 
or  tension-compression,  either  with  or  without  notches. 
Additional  work  has  shown  that  the  notched  fatigue 
behaviour  of  A201  in  either  the  T6  or  T7  condition  is 
similar  to  other  aluminium  alloys  such  as  357  in  the  T6 
condition 


Tentative  fatigue  properties  of  Alloy  A201  are  indicated  in 
the  constant-life  diagrams  of  Figures  3  2.54  (for  smooth 
specimens)  and  3  2.55  (for  notched  specimens) 


figure  3  2,53  shows  ihe  spproximate  fatigue  limit  of  A201  to 
be  I4kst  (9  Sfkg'mnt2)  at  room  temperature  and  10 to  J2ksi(7 
to  8  4  kg/mm fy  at  400T  (204’C)  The  fatigue  limit  being 
determined  at  5  X  10*  cycles 


Fig  3  2  53  S-N  Fatigue  curves  for  A201  reversed  bending 


Fig  3  2.54  Tentative  typical  constant  bfe  diagram  tor  fatigue  behaviour  of  A201  *T 6  aluminum  a3oy  caswsg 


Fig  3  2  55  Tentative  typical  constant  S?e  diagram  to r  fatigue  behaviour  of  notched  A201-T6  alurrweum  aDoy  casting 


Fatigue  Properties  Report  (acc.  to  7)  (Northrop-Rcpon) 
Influence  of  HIP  (Hot  I  static  Pressing)  on  A201- 
Investment  Casting 

INTRODUCTION 

Most  aluminium  sand  castings  for  airframe  structural 
applications  are  cast  using  dulls  (in  composite  sand  moulds) 
because  dulls  are  necessary  to  control  solidification  and 
thereby  obtain  high  properties.  With  composite  sand 
moulding  the  minimum  as-cast  thickness  is  greater  than 
desired  for  many  aircraft  structural  components.  Thinner 
sections  and  tighter  dimensional  tolerances  are  possible 
with  the  investment  mould  technique;  howe'er,  high 
properties  in  large,  complex  components  arc  difficult  to 
achieve  because  chills  cannot  generally  be  used  to  control 
solidification  directionality  and  rates.  Since  hot  isostatic 
pressing  (HIP)  has  been  shown  to  improve  the  properties  of 
A201  aluminium  sand  castings,  this  IRAB  eh*  rt  w\s 
performed  under  the  above  referenced  program  tc  evaluate 
the  effect  of  HIP  on  investment  cast  material,  Comparisons 
are  made  to  a  similar  evaluation  performed  previously  for 
sand  cast  plates.* 

PROGRAMME 

Cercast.  Inc.  supplied  investment  cast  plates  in  four 
thicknesses  (Table  3.2.57).  A  sample  was  removed  from 
each  plate  and  heat  treated  to  thcT7  condition  (see  footnote 
V .Table  3  2.61 )  and  tensile  tests  performed  on  the  samples 
to  qualify  the  material.  Then  half  of  the  plates  of  each 
thickness  wtrc||IPat950Fat  1 5  ksi  for  3  hours  (parameters 
successful  with  sand  cast  material).  AH  the  plates  were  then 
heat  treated  to  the  T7  condition  Testing  (Table  3  2.57)  ns 
performed  on  specimens  removed  from  the  plates. 
Metallography  and  fractography  were  also  performed, 

RESULTS  AND  DISCUSSION 

The  improvements  by  HIP  of  investment  material  arc 


summarized  m  Table  3  2  58  The  properties  of  investment 
and  sand  cast  HIP  material  are  compared  in  Table  3  2.59 
the  properties  of  HIP  investment  cast  and  (unHIP)  sand  cast 
material  arc  compared  in  Table  3  2.60, The  comparisons  in 
these  tables  are  based  on  a  limited  number  of  tests,  therefore 
only  trends  arc  indicated  withno  pretense  as  to  the  statistical 
significance.  The  results  arc  presented  and  discussed  in 
more  detail  below. 

Casting  Parameters  and  Chemistry 
Tabic  32.56  lists  the  mould  temperatures  and  casting 
temperature  for  the  various  pbtes.  Ccrcasi  selected  the 
minimum  mould  temperature  to  assure  a  successful  casting 

The  chemistry  meets  NAM304*  and  MIIM'21180' 
requirements  (Tabic  3.2.56). 

Tension 

The  results  arc  presented  in  Table  32/>l.  The  minimum 
requirements  of  53  ksi  yield  strength.  60  ksi  ultimate 
strength,  and  3  percent  elongation  of  NAM  304  for  high 
stress  areas  (and  the  less  stnngent  requirements  of  MIL-A- 
21180)  were  met  except  for  the  1.5  in.  thick  plates  for  which 
the  ultimate  strength  for  both  11IP+T7  and  T7  material  was 
as  much  as  3  k\i  below  the  requirements  and  the  elongation 
of  one  T7  specimen  was  2  percent,  A  thickness  of  1.5  in.  is 
no<  representative  of  most  applications,  but  is  necessary  to 
obtain  valid  fracture  toughness  values. This  compares  with 
the  results  for  sand  cast  plates  for  which  the  properties 
exceeded  the  requirements  for  all  thicknesses. 

HIP  had  little  effect  on  the  tensile  properties,  increasing  »hc 
yield  and  ultimate  strength  by  about  1  ksi  and  increasing 
average  elongation  by  ore  percent  from  5.3  to  6.4  percent, 
but  HIP  had  no  effect  on  the  minimum  or  maximum  values. 
This  compares  with  the  sand  cast  material  for  which 
similarly  HIP  had  little  effect  on  strength  (no  change),  but 
HIP  increased  the  average  elongation  from  5.5  to  II I 


percent,  increased  the  minimum  from  4  to  II  percent,  and 
increased  the  maximum  from  8  to  12  percent 

Sharp-Notch  Tension 

The  results  are  listed  in  Table  3262  Sections  A  and  B  HIP 
increased  the  sharp-notch  tensile  strength  (SNS)  and  notch 
strength  ratio  (NSR)  somewhat  for  both  the  0.5  and  1.5  in. 
thick  plates  and  both  SNS  and  NSR  were  slightly  higher  for 
the  0.5 -in.  thick  material  compared  to  that  of  the  1.5  m.  thick 
plates.  The  resultsare  similar  to  those  obtained  for  sand  cast 
material. 

Fracture  Toughness 

Fracture  toughness  of  1.5  in,  thick  plates  was  the  same  for 
theHIP-fT7  and  T7  material,  an  average  of  38  ksi/m  (Table 
3  2.62, 3  2 .63). This  is  intermediate  to  the  averages  obtained 
for  sand  cast  HIP+T7  and  T7  material  (46  and  32  kstyin. 
respectively)  All  fracture  toughness  values  were  not  valid 
per  E399,  nevertheless  the  trends  indicated  are  meaningful 

S/N  Fatigue  —  Notched 

The  results  for  S/N  fatigue  of  H1P+T7  specimens  with  a  K, 
of  3  0  arc  shown  in  Figure  3264  along  with  results  for  sand 
cast  HIP+T7  and  T7  Only  HIP+T7  investment  material 
was  tested  as  the  results  forT7  material  were  expected  tobe 
similar.  Overall  the  results  for  the  three  conditions  are 
similar,  although  at  higher  stresses  the  sand  cast  material  had 
slightly  longer  fatigue  life,  while  at  lower  stresses  the 
investment  cast  material  had  slightly  longer  fatigue  life. 
There  were  no  significant  differences  between  the  results  for 
the  vanous  thicknesses  for  the  investment  cast  material 

Strain-Life  Fatigue 

Strain-life  fatigue  results  for  05  in.  thick  plates  for  HIP+T7 
and  T7  are  plotted  in  Figure  3  255  with  results  for  sand  cast 
IIIP+T7  material  also  shown, The  HIP+T7  investment  cast 
material  had  better  fatigue  behaviour  than  that  for  the  T7 
investment  material  while  the  HIP+T7  sand  cast  material 
had  better  fatigue  behaviour  than  both  investment  cast 
conditions.*  Cyclic  stress-strain  curves  obtained  from  the 
strain-life  fatigue  testing  arc  presented  in  Figure  3  256. 

Fatigue-Crack  Growth  Rate 

The  results  for  HIP+T7  investment  cast  and  HIP+T7  sand 
cast  material  showed  specimen  differences,  but  no 
consistent  differences  among  the  various  thicknesses.  The 
sand  cast  material  had  better  fatigue-crack  growth 
behaviour  than  that  of  the  investment  material  (results  not 
shown). 

Two  tests  were  performed  for  T?  investment  material  from 
the  1 .5  in.  thif  *  plate  and  the  results  were  the  same  as  for  the 
15  in.  thick  P  ilP+T7  material  (results  not  shown). 


•The  overall  result  (as  show  nby  die  curve  in  figure  3  255)  for  die 
T7  ifvcstment  material  b  lowered  by  one  test  result  with  a  life  of 
109  cycles  at  a  strain  amplitude  of  0505.  This  specimen  w-as 
evaluated  and  compared  to  other  (at» gue  samples  to  determine  if 
this  result  should  be  considered  representative  of  the  investment 
matcnaL  It  was  found  that  the  fatigue  crack  initiated  at  an 
inclusion,  however,  the  fatigue  crack  in  one  HINT?  specimen 
initiated  from  a  similar  inclusion  without  substantially  lowering 
the  fatigue  We  (234.  129  cycles  at  a  warn  amplitude  of  0002) 
Therefore  the  low  result  for  the  T7  matertal  was  taken  to  be  a  valid 
result,  bccause'a  staular  indussen  d*J  not  lower  the  hfc  in  all  cas« 
boweser, there  are  insuffteent  fatigue  test  results  to  reach  a  general 
conclusion  of  the  effects  of  this  type  of  inclusion  on  T7  and 
HINT?  fatigue  results. 


Metallography 

Micrographs  of  T7  and  HIP+T7  samples  (Figure  32  67) 
show  that  HIP  was  effective  in  eliminating  microshnnkage 
porosity  Micrographs  of  tensile  samples  of  T7  material  are 
shown  in  Figure  3  2  68,  There  are  very  low  amounts  of 
undesirable  inclusions  (iron  nch  needles,  mamum  rich 
inclusions  and  undissolved  copper-nch  phase).  Grain  size 
was  determined  for  two  samples  e3ch  from  plates  of  each 
thickness  (Table  3  253)The  samples  located  one  end  of  the 
plate  had  average  gram  diameters  from  1 30  to  210  pm,  while 
the  trend  for  larger  grain  size  for  the  thicker  plates  and  those 
away  from  the  ends,  had  average  grain  diameters  of  from 
100  to  130  pm  with  little  difference  between  the  vanous 
thicknesses. 

Fractography 

All  tensile  and  fatigue  samples  were  examined  optically  and 
several  were  examined  in  the  scanning  electron  microscope 
equipped  with  an  energy  dispersive  analyzer.  Many 
specimens  had  elongated  inclusions  up  to  15  mm  long, 
although  typically  0  2  mm  long.  This  was  discussed  in  the 
Strain-Life  Fatigue  section  These  inclusions  are  probably 
aluminium  oxide.  There  was  porosity  on  most  of  the  T7 
fracture  surfaces  Porosity  was  seen  on  only  one  HIP+T7 
fracture  surface,  however,  the  surface  was  lightly  oxidized 
indicating  that  the  porosity  was  surface  connected  and 
therefore  could  not  be  dosed  by  HIP  (Figure  3  259) 

SUMMARY  AND  CONCLUSIONS 
The  strength  and  ductility  requirements  of  NAM304:  and 
MUM-21 180*  were  met  by  both  IIIP+T7  and  T7  material 
(except  as  noted  for  the  15  in.  thick  matcnal)  HIP  did  not 
improve  the  ductility  of  the  investment  matcnal  as  it  did  for 
sand  cast  material  S/N  fatigue  (notched)  fracture 
toughness,  and  fatigue  crock  growth  properties  arc  reported 
HIP  improved  the  strain-life  fatigue  bchaviou  r 

The  properties  of  the  investment  cast  matcnal  were 
generally  slightly  below  those  for  the  sand  cast  matcnal 
From  this  limited  comparison,  no  condition  can  be  drawn 
as  to  whether  this  reflects  differences  between  the  sand  and 
investment  processes  or  other  variables  such  as  minor 
differences  in  chemical  composition  or  heat  treatment 
These  same  differences  may  explain  the  differences  in 
response  to  the  HIP.  If  should  be  noted  that  sand  casting 
permits  the  use  of  dulls  which  should  allow  more  control  of 
the  properties. 

This  data  docs  not  suggest  that  investment  cast  A201  should 
not  continue  to  be  considered  for  components  which  arc 
capable  of  being  produced  by  this  process.  HIP  should  be 
considered  for  applications  that  require  improved  crack 
initiation  resistance,  however,  additional  evaluation  wxwld 
be  required  to  confirm  this  improvement. 


FATICUEDATA 

FORTHCALLOYTI-6AL-4V 

Fatigue  Properties  Report  (ace.  to  8)  (MBB-Report) 

A  great  cumber  of  publications  described  the  fatigue 
properties  on  Tt-6AI-4  V  alloy  and  the  positive  influence  of 
the  I  HP-process.  The  collected  figures  shown  in  this  section 
have  different  sources,  so  that  the  real  ongm  ts  nominated  in 
the  appendix  *Sou  rets  for  Section  3.25"  (see  source  8) 


Table  3  2  56 

A201  Investment  cast  plates  from  Cercast 


A  Material  SuppheJ  j 

[  Quantity 

Size  (inches) 

Mdt  Number 

Mould  Temperature* 

|  2  plates 

OI25X3XI2 

5960 

HOOF 

1  2  plates 

025  x  4  X  12 

5960 

IOOOF 

i  4  plates. 

03  X4XI2 

5960 

9<X)F 

2plates 

IS  X4X10 

6016 

2S0F 

B  Melt  Compositions. 

_  _  Weight  Percent 


Mdt  No.  Cu 

Ag 

Mn 

Mg 

Ti 

B 

Si 

Fe 

Zn 

Cr 

Ni 

5960 

468 

050 

0308 

0268 

0217 

0013 

0034 

0026 

0008 

0003 

0004 

6016 

4  74 

049 

0304 

0237 

0249 

0016 

0048 

0.03! 

0008 

0002 

0006 

NAI* 

1304 

4X>- 

50 

04- 

1.00 

020- 

040 

015- 

035 

015- 

035 

b 

<005 

<0  10 

b 

b 

b 

•Casting  temperature  was  1 365F.  arxi  no  chilk  were  used  *  other  dements  003  max  each.  0 10  max  total 


Table  3  2  57 

Test  matrix  for  A201  investment  cast  plates 


Number  ol  specimens 

Condition 

T7 

IIIP+T7 

TCST  THICKNESS  (in.) 

013 

025 

03 

13 

■m 

025 

05 

15 

Tension 

6 

6 

8 

6 

4 

4 

4 

} 

Sharp-Notch  Tension 

- 

— 

2 

2 

— 

- 

2 

2 

Fracture  Toughness 

— 

— 

— 

2 

— 

— 

2 

2 

S/N  Fatigue-Notched 

— 

— 

— 

— 

3 

3 

4 

4 

Strain-Life  Fatigue 

— 

— 

11 

— 

— 

— 

10 

— 

Cydic  Stress  Strain 

— 

— 

2 

— 

— 

— 

2 

— 

Fatigue-Crack  Growth 

- 

- 

2 

1 

1 

1 

2 

TaWe  3  2  53 

Improvements  by  HiP  of  investment  cast  A20I -T7 


0 1 3—03  inch  thick  except  as  noted 

Property 

Improvement  by  HIP 

Minimum* 

Average 

Tension 

Ultimate  Strength 

2ksi  (4%)  increase 

l  ksi  (2%)  increase 

Yield  Strength 

No  change 

1  Ksi  (2%)  increase 

Elongation 

No  change 

1%  (17%)  increase 

Sharp-Notch  Tension  (03  in.) 

Strength 

6  ksi  (7%)  increase 

5  ksi  (6%)  increase 

Notch  Strength  Ratio 

0.07  (5%)  increase 

0j06  (4%)  increase 

Fracture  Toughness  ( 13  in ) 

Uj  ksi /in  (1%)  increase 

0.1  ksi/m  (0%)  increase 

Strain-Life  Fatigue 

Insufficient  Data 

life  Doubled  (100%) 

Fatigue  Crack  Growth 

No  change 

No  change 

Microstrueture 

Porosity  Eliminated 

Porosity  Eliminated 

‘  Comparison  of  lowest  values  obtained 


70 


Table  3  2  59 

Comparison  of  HIP  sand  cast  and  HJP  investment  cast  A201-T7 


Property 

Advantage  of  Sand  over  Investment’ 

Minimum*  Avemge 

Tension 

Ultimate  Strength 

3  ksi  (5%) 

3  ks.  (4%) 

Yie’d  Strength 

3  ksi  (5%) 

’ku($%) 

Elongation 

6%  (150%) 

4',JV60%) 

Sharp-Notch  Tension 

Strength 

7kst(S%) 

7ksi(S%) 

Notch  Strength  Ratio 

->007  (-1%) 

-0005(0%) 

Fracture  Toughness 

S(.m^ui(I2%) 

S/N  Fatigue-Notched 

Insufficient  Data 

Similar  (sec  text) 

Stram-Ufc  Fatigue 

Insufficient  Data 

30%  Life 

Fatigue  Crack  Growth 

0-40%  slower  rate  (20%) 

40-200%  slower  rate(120%) 

*  Companion*  are  on  the  thicknesses  tested  up  to  0  5  inch — see  text  for  detailed  results 
*■  Comparison  of  lower  values  obtained 


Table  3  2  60 

Companson  of  HIP  investment  cast  and  (unHiP)  sand  cast  A201-T7 


Advantage  of  HIP  Investment  over  (unlllP)  Sand' 

Property  _ Minimum* _ Average 

Tension 


Ultimate  Strength 

Yield  Strength 
Elongatioo 

-I  ksi  (-2%) 

-2  ksi  (-4%) 

0%(0%) 

-2  ksi  (-3%) 

—4  ksi  (-6%) 

2%  (30%) 

Sharp-NotchTcnsion 

Strength 

Notch  Strength  Ratio 

I  ksi  (3%) 

012(9%) 

2  ksi  (2%) 

-0U  (8%) 

Fracture  Toughness 

5  ksi  ^tn  (15%) 

5  ksi  Vm  (16%) 

S/N  Fatigue-Notched 

Insufficient  Data 

Similar  (sec  text) 

Fatigue  Crack  Growth 

Twice  as  fast  at 
low  AK  (-100%) 

Similar 

■  Companvom  arc  on  the  thicknesses  tested  up  to  0.5  inch  —  sec  text  for  detailed  results 
'  Companion  of  lower  values  obtained 


Tab*  3  2  61 

Tension  test  results  for  A20J-77  Investment  cast  plates 


A  Co opals  excised  from  0.1 3  m  thxk  pUres  j 

AVERAGE* 

CaxKiiV 

ID 

YS  UTS 
(ks.)  (ks,) 

%e 

YS 

(Tv) 

UTS 

%e 

HIP4T7 

31ftM 

5$ 

66 

7 

31  ITT  2 

57 

65 

7 

'HTT-J 

57 

65 

8 

3HTT-4 

56 

65 

9 

57 

65 

8 

T7 

3AIT-I 

<6 

64 

6 

3A1T-2 

56 

65 

6 

3AIT-3 

56 

64 

8 

'A  IT-* 

56 

65 

9 

56 

64 

7 

3A1T-A* 

55 

63 

8 

3A2T-B11 

5* 

62 

8 

B  Coupons  excised  from  025  m.  Ouck  plates 

AVERAGE* 

Contort 

ID 

YS 

(lu) 

UTS 

(ks.) 

%c 

YS 

(Vsi) 

UTS 

(ks,) 

%e 

HJP+T7 

A}  ITT- 1 

'9 

66 

7 

6IIIT-3 

59 

66 

7 

6JIIT-3 

'V 

64 

5 

Aiinr* 

59 

64 

4 

59 

65 

6 

V 

AAIT  I 

59 

6' 

5 

AAIT-2 

58 

65 

5 

AMT-3 

58 

62 

4 

AAIT  * 

59 

62 

4 

'8 

64 

4 

AAIT  A* 

5A 

64 

9 

AAIT  B" 

< 

64 

8 

C  Coupons  excised  fromO  5  uv 

BuckpUlcs 

AVERAGE* 

Contort 

ID 

YS  UTS 
(Tv)  (Isi) 

%e 

YS 

(Tv) 

UTS 

(Iv) 

%C 

II1P+T? 

I31HT-2 

59 

65 

6 

l'llTT  * 

59 

67 

8 

I3II2T-2 

59 

66 

7 

niUT-3 

58 

65 

6 

59 

66 

7 

T7 

1 'AIT-2 

58 

6' 

5 

HA  IT  3 

58 

64 

5 

I3A2T-2 

58 

65 

6 

MA2T-3 

58 

64 

4 

58 

64 

5 

HAITI  A*  'V 

65 

6 

I'A'TI  13*  «9 

66 

8 

HA3T1-C*  AO 

67 

OSG 

13A4TI-D*  59 

66 

6 

0  Coupcns  excised  from U1 3  pA»:os 

AVERAGE* 

Contort 

ID 

YS 

(kv) 

UTS 

(ksi) 

t* 

Y$ 

<Tv> 

UTS 

(Tv) 

V 

mpvr? 

UdlM 

56 

A' 

6 

3AHT-2 

55 

63 

OSG' 

jsin-j 

5' 

59 

5 

"irr-* 

55 

62 

6 

55 

62 

6 

T7 

38AT-I 

5* 

60 

s 

WAT-2 

5* 

60 

5 

J8AT-J 

51 

57 

4 

WAT-* 

51 

5V 

5 

54 

5V 

JXAITI  B*  « 

58 

2 

3SA2TI  B*  5' 

61 

4 

•  hip  -  v  v>f  m  i  <  u  u  ;  w. 

T 1  -  VWF/ 1  k»  ♦  960F/ 1  it  ♦  VWF/  J  5  kf  /V,  m  quetto. 

♦  JTOF/S  hi 

*■  Some  hw*  t«*  m  I Dexfea*)  he*  iruicd  htxw**s5} 

mi  M  »s<d  to  confute  the  atengev  so  (K*t  Owed 

*  OSG—  rrxM<JufhkV|«^k«{tli 


Tabte3262 

Fracture  toughness  and  sharp-notch  tension  results 
for  A201  investment  cast  plates 


A-  SHARP-NOTCH  TENSION 


Coupons  excised  from  0.5  in  thick  plates 
0.5  m  nominal  diameter  specimens  per  A  STM  E602 


Condition* 

ID 

SNS* 

(ksi) 

NSR* 

HIP+T7 

TN13IM 

87 

149 

TNI3H-2 

87 

1  48 

T7 

TN13A-1 

8! 

141 

TNI3A-2 

83 

144 

B  FRACTURE  TOUGHNESS  AND  SHARP-NOTCH  TENSION 
Fracture  toughness  specimen  excised  from  1.5  in  thick  plates  with  notched 
tensile  specimens  excised  from  tested  fracture  toughness  specimens 


Fr3Ctu  re  Toughness 

Sharp- 

Notched 

Tension 

Condition 

ID 

B(,n) 

Km, 
(ksi  in) 

K> 

(ksi  in) 

SNS* 

(kM) 

NSR* 

1  HJP+T7 

38HFT-1 

1469 

101 

40.5 

38  8 

79 

142 

3SHFT-2 

1468 

093 

3S3 

375 

78 

141 

T7 

38AFT-1 

1469 

107 

407 

39  2 

73 

135 

38AFT-2  j 

1469 

101 

388 

37  2 

74 

141 

*  HIP  — 950Fat  15  ksi  for  3  hours' 

T7  -  950F/I  hr  +  960F/1  hr  +  980F/15  hrAVater  quench  +  370F/5  hr 

*  SNS  —  Sharp  notch  strength,  NSR  —  Sharp-notch  strength  (SNS)  to  yield 
strength  ratio 

*  Results  not  valid  Kk  because  cracks  were  too  long  (a/w  between  0  587  and 
0  620  la)  and  asymmetry  of  crack  fronts 


Table  3  2  63 

Gram  size  measuements  for  investment  cast  plates 


Gram  Size,  pm 

Plate  End  of  Center  of 


Thickness,  fn 

Plate 

Plate 

013 

100 

100 

025 

160 

130 

0.6 

130 

110 

1.5 

210 

130 

J _ ! _ I _ 1 _ I _ I _ I _ I 

C  DC*  OC'O 

TOTAl  ST  Aaiw  AMf  HTVC* 

CYCLIC  ST  AtSS-STAAIN  CUAVIS  FOA 
INVCSTMtNT  CAST  AWT 


Fig  32  66 


Fig  3  2.73 


Fig  3  2.74 


F»g  3  2  77 


Fig  3  2  78 
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Fatigue  Properties  Report  (acc.  to  9)  (Journal  report) 
Fatigue  properties  can  be  significantly  improved  by  heat 
treatment.  This  is  illustrated  by  Figure  3.2  82,  which  shows 
the  improvement  in  smooth  fatigue  life  versus  maximum 
cyclic  stress  of  beta  heat  treated  and  annealed  cast  TMAl- 
4V  alloy  compared  to  the  same  alloy  in  the  as-cast  + 
Hip-Condition. 

Fatigue  Properties  Report  (acc.  to  10) 

Effect  of  Processing  on  Fatigue  Life  of  Tt-6A  M  V  Castings 
The  recent  surge  of  interest  in  titanium  alloys  by  both  the 
Aerospace1  and  the  Energy2  industries  coupled  with  a 
recen  t  world- wide  availability  problem  has  greatly  increased 
the  interest  in  net  shape  technologies'-4,  Although  net  shape 
technologies  can  contribute  significantly  to  cost  saving, 
titanium  products  arc  inherently  expensive'  and  a  process 
which  can  combine  effective  material  use  with  relatively  low 
cost,  such  as  casting,  is  highly  dcsi  rable  Metal  casting  »s  the 
most  ancient  net-shape  technology  which,  in  spite  of  being 
5.000  years  old.  is  still  very  effective  for  space  age  materials 
such  as  nickel,  aluminium  and  titanium  base  alloys.  When 
properties  of  cast  titanium  alloys  are  measured  against 
wrought  material,  the  biggest  deficiency  is  in  the  high  cycle 
fatigue  strength'’4, 7.  The  lower  fatigue  strength  is  the  result 
of  casting  defects  and  the  inherent  cast  microstructure,  both 
of  which  contnbutc  to  early  fatigue  crack  initiation'.  This 
problem  can  be  partially  corrected  by  Hot  Isostatically 
Pressing  (HIP)  which  doses  the  casting  pores.  Experience 
has  shown  that  even  after  HI  Ping,  the  fatigue  strength  of 
castings  is  lower  than  that  of  wrought  products4. 


However,  there  are  many  non-fatigue  critical  applications 
for  titanium  components  for  which  castings  provide  a  low- 
cost  alternative.  It  is  the  purpose  of  the  present  work  to 
investigate  possibilities  of  improving  the  fatigue  life  of 
castings  allowing  use  m  components  with  more  stringent 
mechanical  property  requirements.  The  approach  used  was 
to  heat  treat  both  straight  castings  and  HIP’d  castings  to 
different  microstructural  conditions.  Generally,  the  cast 
structure  of  alpha/beta  titanium  alloys  consists  of  a  coarse 
transformed  beta  structure  It  typically  exhibits  large  beta 
grains  separated  by  gram  boundary  alpha  phase  and 
colonies  of  similarly  aligned  and  crystal logra ph ically - 
oriented  alpha  plates  within  the  beta  grains’.  The 
microstructure  is  known  to  produce  early  fatigue  crack 
initiation’  w  by  a  mechanism  of  intense  shear  band 
formation  across  the  colonies’  *• n.  In  essence  it  was  the  goal 
of  this  work  to  modify  the  microsmicture  of  cast  and 
cast+HIP  material  so  that  the  propensity  to  produce  the 
cross-colony  shear  would  be  reduced  An  attempt  was  also 
made  to  break-up  the  continuous  aJpha/beta  interface  along 
the  prior  beta  gram  boundary  alpha  phase  since  previous 
works4  14  showed  that  these  can  also  be  locations  for  early 
crack  initiation 

The  microstructure  arc  shown  in  Figure  3  2  83  a  to  f  The 
objective  of  both  heat  treatment  B  and  C  was  to  break  up  the 
large  colony  structure  by  significantly  reducing  the  amount 
of  alpha  present  at  the  solutioning  temperatures,  960*C 
(1760*F)  and  1005*C  (1840T)  followed  by  water  quench  to 
prevent  further  alpha  colony  formation. 


CYCLES  TO  FAILURE.  N, 


Influence  of  Heat  Treatment  on  Fatigue 
properties  of  TI-6A1-4V 


Fig  3  2  32 
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EXPERIMENTAL  PROCEDURES  AND  RESULTS 
Material 

The  castings  used  in  this  work  were  divided  into  two  main 
groups;  those  which  were  cast  and  those  which  were  HIP'd 
after  casting.  AU  micro-structural  modifications  and  tests 
were  made  simultaneously  on  these  two  groups. 

The  chemical  analysis  of  the  castings  was  as  follows  (Wt, 
Pet): 

A1  V  Fe  C  Kj  0.  Nj 

Cast  6  2  4  0  .15  *03  032  .227  0028 

Cast-fHlP  63  40  14  ffl  ,032  J242  0031 

Due  to  the  high  oxygen  level,  the  beta  transus  temperature 
was  estimated  to  beat  I010'C(1850*F). 

The  Cast  and  Cast+HIP  material  were  tested  in  three 
conditions; 

A.  A$  received 

B.  960‘C  (1760*F)/1  hr/WQ  +  760*C  (1400*F)/4  firs/ 
AC— Condition  1 

C.  1005'C  (1S40'F(/I  hrAVQ  +  760*0(1400^4  hrs/ 
AC—  Condition  C3 


Testing 

From  the  Cast  and  Cast+ HIP  bars,  cylindrical  tensile/ 
fatigue  specimens  were  machined.  Gauge  area  dimensions 
were  5  mm  (.2  inches)  diameter  X  50mm  (2  indies)  length 
and  the  total  specimen  length  was  75  mm  (3  indies)  with 
1 2.5  mm  (.5  mches)thread  diameter  Those  specimens  were 
used  both  for  tensile  and  fatigue  testing. 

Tensile  tests  were  performed  on  an  Instron  machine  with  the 
crosshead  speed  of  005  m/nm-1.  The  tensile  test  results 
arc  shown  in  Table 3  2.84. 

Fatigue  tests  were  performed  on  an  MTS  Servohydrauhc 
Test  Machine. Tnangular  waveform  cyd reload  was  used  at 
5Hz  with  R  —  0 1  (R  —  minimum  load/maximum  load) 

The  fatigue  S-N  curves  for  all  six  test  conditions  are  shown 
in  Figures  3  2  85  through  3  2.90.  These  curves  show  all  the 
individual  data  points  as  well  as  the  boundanes  of  the 
scattcrband.  Figure  3.291  shows  the  summary  plot  of 
average  fatigue  curves  for  all  six  conditions. 


Hlcrostroctures  of  Conditions  Used  In  This  Work: 
a)  As-Cast 
b>  CaitntiP  , 

c)  Cait*960°C  Solution  Treatment 

d  Ca»t*HlP*M0pC  (1760°F)  Solution  Treatment 

e)  Ca»t*lOOS°C  (1M0°F)  Solution  Treatment 

f)  C«t*R1^10W°C  UM0°f)  Solution  Treatment 


Fig.  3  2  83 


Table  3  2  84 

Tensile  Test  Results  of  Materia!  Used  in  this  Work 
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YS 

MN/m* 

(Ks.) 

UT.S, 

MN/m}  (Ksi) 

El 

Pet 

RA 

Pet 

Number 

-Of 

Specimens 

Tested 

As-Cast 

895 

(130) 

1000 

(145) 

8 

16 

2 

Cast+HIP 

890 

(129) 

395 

(136) 

5 

16 

2 

Cast+960*C  (1760*F) 

990  ; 

(144) 

1025 

(149) 

4 

8 

3 

Cast+HlP+9604C(1760‘F) 

1020 

(148) 

1040 

(151) 

4 

13 

2 

Cast+1005'C(1S40*F) 

935’ 

(136) 

970 

(141) 

1 

11 

2 

Cast+HIP+1005*C(1840T') 

725 

(105) 

8S0 

(I2S) 

1 

5 

2 

Discussion 

As  expected  from  previous  work,  the  Cast+HIP  alloy 
exhibited  better  fatigue  lives  than  the  Cast  material’-  *.  The 
fatigue  limit  (5  X 105)  for  As-Cast  material  was  275  MN/m} 
(40  Ksi),  while  that  for  the  Gjst+HIP  was  415  MN/m:  (60 
Ksi), 

The  heat  treatment  work  was  successful  in  reducing  the 
amount  of  primary  alpha  plates  of  the  original  Cast  or 
Cast+HIP  colony  structure  (Figure  3,2  83)  with  increasing 
solution  treatment  temperature.  However,  by  examining  the 
fatigue  curves  and  especially  the  summary  curve  of  the 
average  fatigue  lives,  it  seems  that  only  in  the  case  of  As-Cast 
material  has  an  improved  fatigue  life  been  attained. 

The  Cast  C3  condition  with  the  smallest  amount  of  primary 
alpha,  has  the  best  average  high  cycle  fatigue  life,  with  a 
curve  very  close  to  the  Cast+HIP  condition.  At  the  same 
time,  condition  No.l  shows  better  average  fatigue  life  in  the 


low  cycle  region  (below  10’  cycles),  with  average  values 
approaching  those  of  the  Cast+HIP  the  two  heat  treatments 
lowered  the  average  fatigue  lives. 

Based  on  previous  works  on  fatigue  crack  initiation  in  Cast5 
and  Cast+HIP6  T5-6A1-4V,  it  is  known  that  the  prior  grain 
boundary  alpha  is  one  of  the  major  contnbutors  to  early 
fatigue  crack  initiation1’.  It  is  evident  from  the 
mierbstmetures  shown  m  Figure  3  2.83  that  grain  boundary 
alpha  plates  still  exist  in  the  microstructure  even  in  the 
I005*C  solution-treated  material  Future  work  will  be 
directed  toward  eliminating  these  microstmctural  features 
through  a  beta  solution  treatment. 
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Fatigue  Properties  Report  (acc.  to  II)  (Hpwmct  Report) 
Fatigue  Properties  arc  of  increasing  interest  as  cast  titanium 
is  specified  in  many  fatigue-sensitive  applications.  Figures 
3  2.92  through  3  2  94  show  high  cycle  fatigue  properties  as 
influenced  by  HIP,  stress  ratio  and  test  temperature.  Low 
cycle  fatigue  results  (Figure  3  2.95)  also  show  the  benefits  of 
HIP.  Note  in  this  figure  the  dramatic  reduction  of  scatter  in 
the  test  results  from  HIP’d  material 

Reports  of  decreased  fatigue  strength  attnbuted  to  HIP 
usually  result  from  tests  of  defect-free  specimens  which  have 
been  HIP'd  or  exposed  to  thermal  cycling  to  simulate  the 
HIP  cycle.  These  specimens  are  comprised  of  less  coarse 
mkrostructure  than  material  which  has  been  HIP'd  and 
could  exhibit  greater  fatigue  endurance  because  of  the 
microsuuctural  difference.  However,  test  programs  which 
evaluate  porosity-containing  non-HIP  samples  and  fully 
dense  HIP  material  demonstrate  improved  endurance  ''"nits 
and  reduction  in  scatter  of  data  for  the  HIP-process  sd 
material  (Figure  3  2.96  through  3.2.101). 
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STATISTICAL  ANALYSIS  OP  FATIGUE  DATA. 

m  order  to  prepare  a  proto*  e»Wy  *n*v*«  from  a  set  of  fatigue  data,  we 
data  •*  manipulated  mathematica»y  to  extrapolate  aach  individual  mult  to  an  “equivalent  strtss  at  10’  cycles”.  The  linear  least 
squares  M  through  al  data  points  in  a  set  of  fatigue  data  <s  determined.  Trvj  slope  a  maintained  constant,  and  used  to  extrapolate 
aach  individual  data  pomt  to  10’  cycles  Treating  each  data  port  « this  manner  drelops  a  aet  of  values  for  stress  at  10’  cycles 
which  can  then  be  used  to  develop  the  probability  plot  shgwn  m  Frgure 
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3.2.4  Crack  Propagation  and  Fracture  Toughness 
See  chapter  6. 

3.3  EYE  BOLT  JOINTS 

Since  many  castings  have  concentrated  load  introductions 
formed  as  "eye  bolt  joints",  it  is  necessary  to  know  how  the 
efficiency  factors  (for  the  lug  stress  calculation)  look  with 
regard  to  advanced  casting  alloys. 

Some  information  is  given  in  the  report  ‘Development  in  the 
Analyses  of  Lugs  and  Shear  Pms",  published  by  Product 
Engineering— June,  1983.  According  to  this  only  the  factor 
Kt  (for  tension)  depends  on  the  material  used  for  the  casting 


All  other  factors; 

Kbr  —  for  shear- bearing 

Ktru  —  for  transverse  load  (ultimate) 

Klry  -for  transverse  load  (yield) 

depend  on  the  lug's  geometry  such  as: 

•  thickness 

•  width 

•  outer  radu 

•  bolt  diameter 
etc. 

Because  of  missing  data  about  the  efficiency  factor  “Kt”  with 
respect  to  the  advanced  casting  alloys,  this  handbook  can 
give  only  the  value  for  the  casting  alloy  A356  T6  (Fig.3  3 1 ) 
for  the  first  lug  defmmon  A  test  is  necessary  to  determine 
the  assumption 


LEGEND,  L(  T.  and  N  indicate  yam  tn  direction  F  in  sketch 

t  -Jonytudnal 
T- Jong  transverse 
N  -  short  transverse  (normal) 


CURVE): 

4)30  and  S630  steel 

14S-T6  and  75S-T6  plate  <05m.(t.T) 

75S*T6  bar  and  extrusion  (l) 

14S-T6  hand  forged  bdet  044  sq  <l) 

J4S-T6  and  75S-T6  die  forgings  (L) 

CURVE 2 

WST6  and  75S-T6  plate  >  0  5  in.  <  i  m 
75S-T6  extrusion  (T.  N) 

75S-T6  hand  forged  b2et  <36  sq  m.  (L) 

I4S-T6  hand  forged  Wfet  >  f44  sq  in.  (L) 

14S-T6  hand  forged  bBel  <36  sq  m.  (T) 

J4S-T6  and  75S-T6  die  forgings  (T) 

CURVE  3. 

24S-T6  plate  <l.T) 

24S-T4  and  24S  T42  extrusion  (L.  T.  N) 

CURVE  4 

24S-T4plate(l,T) 

24S-T3  plate  (LT) 

t)S*T6  and  75S-T6  plate  >  1  in  (L  T) 

24S*T4  bar  (L.  T) 

7$S*T6  hand  forged  bUet  >  36  sq  in.  (1) 

75S-T6  hand  forged  bSet  <16  $q  In,  (T) 

CURVE  6: 

195T6, 220T4,  and  356T6  afumrvum  casting 
75S-T6  hand  forged  bict  >  16  sq  in.  (T) 

I4S*T6  hand  forged  i>«tet  >  36  sq  in.  (T) 

CURVE  6' 

AJurrsmum  a  Joy  plate,  bar.  hand  forged  MfoL  and  die 
torgng  (N).  Note-  for  d>e  forgng,  N  direction  exists 
only  at  paitng  p*ane. 

75S*T6  bar  (T) 

CURVE  7. 

18-8  stamtess  steel,  annealed 
CURVE  8 

18-8  staofoss  steel.  fuB  hard  Note,  for  1/ 4. 1/2  and 
3/4  hard,  interpolate  between  curves  7  and  8. 


Fig  33 1  Values  of  tension  efficiency  factors  of  logs 
fabricated  from  typical  steel  and  akmumom  a  Joy  materials 
produced  by  different  manufacturing  processes. 


Fig34l  Failure  modes  of  riveted  jomts  under  static 
loading,  (eft,  shear  faiure  of  the  rivet  shank;  middle.  tens2e* 
faSure  of  the  component  matenaf;  nght  hole  wafl  tadure  or 
distortion  « the  component  material 
BruchSache . « « fracture  surface 


3.4  RIVETED  JOINTS 

If  structural  components  made  of  aluminium  casting  alloys 
arc  to  be  used  inaircraftconstruction.it  is  necessary,  among 
other  things,  that  they  should  be  joined  together  by 
mechanical  fasteners.  A  pre-requisite  for  this  is  that  the 
static  and  fatigue  strengths  of  such  joints  should  be 
deterriuned  using  dieted  testpieces,  and  compared  against 
those  characteristics  of  nveted  wrought  aluminium  alloys. 
Since  up  to  now  no  information  'has  been  available 
concerning  nveted  joints  m  aluminium  casting  alloys,  the 
static  and  dynamic  strength  of  such  jou  »s  were  determined 
as  part  of  the  programme  on  io.^cost  Structure 
Technologies  —  Metallic  Materials'.  An  account  will  now  be 
given  of  the  results  obtained. 

3  4  1  Static  Strength  of  Riveted  Joints  in  Aluminium 
Casting  Alloys 

The  strength  of  a  nveted  joint  depends  largely  on  the 
strength  of  the  component  material  (breaking  strength,  hole 
bearing  strength),  the  type  of  nvet,  it  $  make,  the  shape  of  the 
nvcl  head,  and  the  rivet  material.  In  static  loading,  nvets  fail 
for  three  principal  reasons  (FTg.3  At) 

•  Shear  failure  of  the  rivet  shank 

•  Tensile  failure  of  the  component  material 

•  Failure  or  distortion  of  the  hole  walls. 

To  determine  the  strength  of  nveted  testpieces  in  static  tests, 
sectional  overlap  joints  of  the  type  shown  in  Fig3.4  2  were 
prepared  and  leaded  to  failure  according  to  predetermined 
load/time  relationship.  Examples  of  the  various  nvet 


r  ...  '  — i 

Fastener 

Test 

Total  no.  of 
testpieces 

Aluminium  solid  rivet/counterwnV, 
head 

Mane 

20 

Aluminium-solid  nvet/uruversal  head 

tensile 

20 

Monel-solid  nvet/countersunk  head 

testv 

20 

Titanium-solid  rivet/countersunk  head 

20 

Hack-Wind  rivet/countersunk  head 

16 

B  Cherrylock-blmd  nvet/countersunk  head 

16 

Hi-Lok-special  fastener/countersunk  head 

12 

Lockbolt'spccttl  fastencr/countersunk  head 

12 

Fig3  4  2  Testpiece  and  test  for  determining  the  state 
strength  o<  riveted  joints 


fasteners  for  static  and  fatigue  loading  arc  given  in  Figure 
3  4.3  and  Table  3.4  4. 

Thcmeasurementsof  these  testpieces,  the  loading  cycle,  and 
the  evaluation  of  the  results  obtained  are  described  in  the 
MIL-STD-1312  specifications.  In  these  tests  the 
deformation  characteristics  of  the  nveted  joints  were 
determined  in  addition  to  the  breaking  load.  According  to 
the  specifications  in  force,  any- nveted. joint  that  had 
undergone  permanent  plastic  deformation  of  4%  (referred 
to"  the  rivet  diameter)  was  considered  as  no  longer 
functional  To  determine  this  critical  deformation,  the 
deformation  taking  place  dunng  the  loading  must  be 
measured  and  the  type  of  distortion  relevant  to  the 
dimensions  in  question  picked  out 

Results 

Table  3.45  summarizes  the  results  of  the  static  tests. 
Testpwces  prepared  using  alumimu  m  alloy  solid  nvets  failed 
mainly  by  shearing  of  the  rivet  shank  In  those  nv  eted  using 
Mond  and  titanium  solid  nvets,  the  most  common  cause  of 
the  failure  was  hole  wall  splitting,  because  of  the  higher 
shear  strength  of  the  nvets  Joints  formed  with  blind  nvets 
and  special  fasteners  (screw  rivets)  showed  hole  wall  failure, 
or  a  combination  of  tlu's  with  tensile  failure. 

To  achieve  a  companion  of  the  strengths  of  nveted  joints  in 
the  aluminium  casting  jy  A357-T6  against  those  of 
wrought  alloys,  the  results  obtained  were  compared  with 
those  of  the  aircraft  industry  design  calculation  for  the 
wrought  alloys  3.1364-T3  (2024-T3  aluminium* 
magnesium-copper  at!oy).7hc  comparison  revealed  that  the 
calculation  values  determined  for  almost  all  the  testpieces 
were  as  high  as,  or  higher  than  those  relevant  to  the  w  rcught 
alloys.  In  joints  with  blind  nvets  or  special  fasteners  (rivet 
bolts),  the  values  determined  were  lower  than  for  the 
wrought  alloys. The  reason  for  the  less  favourable  behaviour 
of  joints  formed  with  blind  or  special  nvets  may  be  that  such 
fasteners,  made  of  sted  or  titanium,  endow  the  testpieces 
with  essentially  higher  ngulity  than  in  the  case  of  joints 
formed  using  solid  nvets  made  of  softer  materials 
During  static  tensile  stressing,  extremely  high  additional 
bending  stresses  (secondary  bending)  are  produced  in 
sectional  nveted  joints  of  this  type.  With  solid-nvet  joints, 
the  softer  nvet  material  allows  a  degree  of  plastic 
deformation,  and  this  reduces  the  amount  of  secondary 
bending  With  more  ngid  nvets  of  sled  or  titanium  alloys 
this  reduction  cannot  take  place,  and  fracture  of  the 


Figja:  Aluminium  alloy  solid  rivet  with  countersunk  head 
according  to  LN  9199;  1  seating  head,  2  closing  head,  3 
shank, 

Rj^3bc  Aluminium  alloy  solid  rivet  with  universal  head 
accordng  to  LN  919Sr  1  seating  head,'  2  dosing  head,  3 
shank, 

Fig3c  Monel  solid  rivet  with  countersunk  head  according 
to  LN  9179;  1  seating  head, 2  dosinghead.3  shank. 
Fig.3d.  Pure  titanium  sohd  rivet  with  countersunk  head 
according  to  NSA  5410;  1  seating  bead,  2  dosing  head,  3 
tapered  shank,  4  cylindrical  shank. 

I ~p3cz  Alloy  steel  Hind  rivet  with  countersunk  head  (1 
Hack  type  B  100'T  according  to  MS  90353);  1  retaining 
ring,  2  break  point,  3  nvet  sleeve,  4  shank. 

Fig.3£.  Aluimhlum  and  steel  alloy  blind  rivet  with 
countersu  Jc  head  (Bulbcd-Chertylock  type  CR  2248 
according  to  NAS  A39  B);  1  fixing  nng,  2  break  point,  3 
sleeve,  4  dosing  collet,  5  shank. 

Fig.3g:  Titanium  alloy  screw  nvet  with  countersunk  head 
3nd  aluminium  alloy  dosing  nag  (Hi-Lock  according  to 
Prod,  Specification  M340);  1  shank,  2  dosing  collet,  3 
hexagonal  recess,  4  break  point. 

Fig.3h.  Titanium  alloy  screw  rivet  with  universal  head  and 
aluminium  alloy  dosing  collet  (Hi-Lok  type  according  to 
Prod.  Specification  M342);  1  shank,  2  closing  collet,  3 
hexagonal  recess.  4  break  pant 
Hg,3i:  Special  alloy  steel  fastener  with  countersunk  head 
and  aluminium  alloy  dosing  collet  (Lockbolt  type 
according  to  NAS  1436-38);  I  shank.  2  break  point,  3 
dosing  collet. 

Fig^p  Alloy  steel  screw-  rivet  with  universal  head  and  alloy 
steel  dosing  collet  (Tapcr-LOK  type  according  to 
manufacturers  spec.),  1  tapered  shank.  2  washer,  3  dosing 
edict 


Figs  3a  to  j:  various  solid,  blind,  and  special  rivet  fasteners 
for  static  and  fatigue  testing. 


Fig  3.4.3 


Table  34  4 

Materials  for  fasteners  and  dosing  cdlets 
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tcsjpiccc  ensues.  How  great  the  influence  of  the  plastic 
behaviour  of  the  rivet  can  be.  is  shown  by  comparing  the 
Hud  type  of  blind  rivet  (rivet  sleeve  and  rivet  shank  both  of 
alloy  steel)  with  the  Bulbed  Cherryfock  type  (aluminium 
alloy  nvet  sleeve,  steel  shank).  Because  of  the  aluminium 
sleeve,  the  latter  behaves  as  a  softer  met  than  the  sled  Huck 
rivet,  and  the  test  results  are  more  favourable  with  Bulbed* 
Cherry  lock  than  with  Huck  rivets. 


both  by  theoretical  calculation  and  by  comparative  fatigue 
test  investigations.  To  test  the  influence  of  the  nvet  type  and 
the  nvet  head  shape  on  the  fatigue  behaviour,  the  meted 
tcstpieces  detailed  in  Table  3.4  6  were  prepared  using  the 
castmgalloy  A357*T6,and  tested  to  failure  by  poised  tensile 
stressing  in  the  fatigue  range  at  a  stress  ratio  of  R  -  +0.1 


A  further  reason  for  this  unfavourable  behaviour  in  hole 
wall  and  tensile  failure  ranges » that  the  casting  alloy  A357- 
T6  used  in  this  case  has  a  tensile  and  hole  wall  bcanng 
strength  about  15%  lower  than  that  of  the  aluminium 
wrought  alloy  chosen  for  the  comparison. 


3.4.2  Fatigue  Behaviour  of  Rutted  Joints  in  Aluminium 
Casting  Alloys 

Since  the  fatigue  behaviour  erf  riveted  joints  depends  on 
many  factors,  all  these  influences  have  to  be  determined 


The  number  of  cycles  to  failure  determined  in  the  tests,  and 
the  Wohler  diagrams  prepared  from  these  data  arc  shown  in 
Figs.3  4,9— 3A14.  In  Fig,3.4.15  are  shown  the  positions  of 
fracture.  Fig.3.4,8  shows  the  specimens  used  for  test 
described  here.  Examination  of  the  results  reveals  that  with 
solid  meis  the  head  shape  has  no  significant  effect  on  the 
fatigue  behaviour,  and  this  is  true  of  both  types  of  tcstpiecc. 
the  one  with  lower  load  transfer  and  lower  secondary 
bending,  and  the  one  m  w  hich  both  these  factors  are  higher 
As  in  the  case  of  wrought  alloys,  the  fatigue  resistance  of 
blind  nvet  joints  was  slightly  less  good  man  that  of  solid  nvet 
joints. 


TaWe346 

Comparative  fatigue  tests  on  riveted  jor.ts 
(Nominal  diameter  4  8  mm,  one  stage  tests) 


Fastener 

Testpfecc 

material 

R 

Hole 

quality*) 

Total  no 
of  test 
pieces 

Tcstp.eee 

typo 

Solid  rivet 

Al  casting 

+0.1 

13 

12 

low  load 

universal  head 

alloy 

transfer. 

A.367-T6 

low  secondary 

solid  rivet 

-O.l 

13 

12 

bending 

countersunk 

Hack  blind  rivet 

-01 

13 

12 

countersunk 

Solid  rivet 

+0! 

13 

12 

High  load 

universal  head 

transfer. 

Solid  rivet 

-0.1 

13 

12 

high  secondary 

countersunk 

bending 

Huck  blind  rivet 

+0.1 

1! 

S 

countersunk 

*)  Hole  quality  1 1*  wide  tolerance  range,  dnlled  with  two-phase  drill,  hole  quality  1 3 
wide  tolerance  range,  drilled  with  pointed  twist  drill 


Table  3.4  7 

Comparatve  fatigue  tests  on  riveted  joints 
(NommaJ  diameter  6  4  mm,  one  stage  tests) 


Fastener 

Testpicce 

R 

Hole 

Total  no. 

Tcstpicce 

material 

quality*) 

of  test 

type 

pieces 

Hi-lok  screw 

Al  casting 

+01 

11 

10 

low  load 

rivet  universal 

alloy 

transfer. 

head 

A367-T6 

low  secondary 

HMok  screw 
rivet,  universal 
head 

-0.1 

7 

10 

bending 

Taper-lok 
universal  head 

+0.1 

7 

10 

•)  Hole  quality  7;  narrow  tolerance  range,  reamed,  hole  quality  1 1;  wide  tolerance 
range,  dolled  with  two-phase  dnll. 


Fjg  3,4  8  T/pes  of  Speomen 
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Fig349 


Series  U:  LBF-Specinen 

Casting  Alloy  A357-T6 

A1 -Solid  Rivet  with  CSK-Head,  4,8  0 


Fig  3,4 10 


Series  W:  AGARD-Specinten 

Casting  Alloy  A357-T6 

Al-Solld  Rivet  with  Universal  Head,  A, 8  0 


Fij3a« 


Casting  Alloy  A357-T6 

Al-Solld  Rivet  with  CSK-Head,  4,8  0 


Fig  3.4 12 
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Fig  3.4  u 
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A  companion  of  the  two  forms  of  testpieces  (those  with 
lower,  and  those  with  higher  load  transfer  and  secondary 
bending)  showed  a  very  small  difference  in  the  fatigue 
strength  as  compared  with  similar  tcstpieccs  made  using 
wrought  alloys. 

Thus,  no  direct  companion  against  wrought  aluminium 
alloys  was  possible,  because  no  data  were  available  for  the 
latter  concerning  the  met  diameters  and  testpicce 
dimensions  used  in  the  present  case.  To  achieve  a 
comparison  between  wrought  and  casting  alloys  as  regards 
the  fatigue  resistance  of  nveted  joints,  the  tests  earned  out 
earlier  with  wrought  aluminium  alloys  were  repeated  using 
the  casting  alloy  A357-T6  (Table  3.4.7). 

To  assemble  the  casting  alloy  tcstpicccs.  the  same  fasteners 
were  used  as  in  the  case  of  the  w  rought  alloys. The  manner  of 
drilling  the  holes  was  also  chosen  to  allow  a  comparison  of 
the  fatigue  resistance  of  the  two  materials.  After  carrying  out 
fatigue  tests  with  one-stage  loading,  the  following  fastener 
types  and  stress  ratios  were  compared; 

Hi-LoV  Rjset  bolt  R- 40.1 

lli-Lok  RjsetboJtR--O.I 

Tipcr-LoV  Riset  bolt  R  «•  40 1 


These  companions  arc  portrayed  in  Figs.3,4  16—34  18. 
The  fatigue  resistance  of  the  nveted  joints  made  with  the 
easting  alloy  at  high  loads  is.  as  expected,  less  good  than  with 
the  wrought  alloys.  At  a  number  of  load  cycles  between 
about  4  •  10*  to  10’,  the  fatigue  strength  of  both  matenals  in 
the  nveted  condition  is  comparable,  and  at  higher  load  cycle 
numbers  the  casting  alloy  A357-T6  tehased  more 
favourably 

CONCLUSIONS 

1.  AH  the  manufactunng  processes  and  commercially 
available  mechanical  permanent  fasteners  developed 
for  use  with  wrought  aluminium  alloys  and  tested  to 
date,  arc  also  suitable  for  forming  joints  with 
aluminium  casting  alloys.  Compared  with  joints  in 
wrought  alloys,  the  tested  static  strengths  of  joints  in 
casting  alloys  arc  comparable  in  the  case  of  solid  nvctv, 
but  lower  with  joints  formed  using  blind  nvels  or 
special  fasteners, 

2,  The  static  and  fatigue  tests  earned  out  in  the  present 
programme  clearly  confirmed  that  components  made 
of  aluminum  casting  alloys  can  indeed  be  joined  by 
means  of  permanent  fasteners.  The  fatigue  data  also 


Stress  Amplitude  tt/tiai 


F.g  3  4 16 


»3 


showed  a  satisfactory  comparison  between  the 
wrought  ami  the  casting  alloys. 

3,  Aluminium  casting  alloys  arc  used  not  only  in  aircraft 
construction,  but  also  in  many  other  branches  of 
Industry,  particularly  when  aiming  to  reduce  weight. 
Nowadays,  the  use  of  aluminium  castings  in 
shipbuilding,  and  in  the  construction  of  rail  and  road 
Schieles  is  on  the  increase. 

4,  It  is  scU'Oident  that  in  each  individual  cave  a\  accurate 
an  optimization  study  as  possible  should  be  earned  out 
as  regards  strength,  costs  service  life,  reliability  and 
weight.  At  present  such  information  is  not  generally 
available,  since  in  investigations  of  this  type  it  has 
hitherto  been  customary  to  examine  only  those 
parameters  that  have  a  bearing  on  the  strength, 

5,  The  results  of  as  yet  uncompleted  value-analytical 
investigations  indicate  that  modem  casting  technology 
offers  the  possibility  of  using  castings  in  aircraft 
construction,  which  would  require  very  little  finish* 
machining,  thus  achieving  considerable  sa>  ings  in  cost 
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3.4,3  NYoehlf  r-PUgrims  of  Riveted  *11 5AUV 


Introduction  < 

For  fatigue  dimensioning  of  parts  special  data  arc  required 
which  have  been  determined  by  fatigue  tests,  Woehlcr  tests 
have  been  earned  out  on  double  shear  specimens 
(Fig~J  4.19),  with  results  pven  in  this  report. 


tm<ns 

specimens  E143-5139.  EL43-5I40  and  CW27I  arc 
m  in  Figure  3.4  20  to  3.4.22.  They  arc  double  shear 
imens  including  three  I  fi-Locls  in  a  row.Thc  specimens 
J2  mm  in  width  and  30S  mm  in  length.  The  two  outer 
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bull  straps  ha\  e  a  thickness  of  2 S  mm  ami  arc  made  from  Ti 
6AI4V  wrought  material,  The  part  m  the  puddle  has  a 
thickness  of  4  mm  and  is  made  from  'll  6A14V  investment 
casting  ma»enal. The  Hi-Locks  have  a  diameter  of  6.4  mm 
The  specimens  have  been  wet  assembled;  the  HfLori>  have 
been  wet  iRsertcd.  The  specimens  have  been  manufactured 
with  the  following  features: 

Ek43*Sl39’  no  shim,  normal  hole, clearance  fit 
EK43-5140.  0  5  mm  shin,  normal  hole,  clearance  fit 
EK43-5271:  0.5  mm  shim,  expanded  hole,  clearance  fit 

A  liquid  shim  EA934NA  cured  at  R.T,  has  been  used  For 
hole  expanding  the  "split-slecve-method"  (SSCE)  has  been 
used. The  degree  of  expanding  was  approximately  3%. 

Test  Procedure 

The  static  and  d)namic  tests  have  been  carried  out  on  the 
load  controlled  Instron  1251  test  equipment.  The  specimens 
have  been  loaded  up  to  fracture.  The  specimens  were 
clamped  rigidly.  The  direction  of  load  was  longitudinal  to 
the  specimens. 


Tat  Results 

AH  values  obtained  arc  tabled  and  shown  as  Wochler 
digrams  in  Figure  3423  to  3425.  The  evaluation  was 
date  by  non-hneat  regression  calculation  The  basis  of  the 
statistical  evaluation  was  a  loganthmic  normal  distnbution 
in  stress  direction.  The  position  of  fracture  is  shown  in 
Figure  3  4  26, 

Hole  Diameter 

The  hole  diameter  and  the  respective  Hi-Lock  fastener 
diameter  have  been  measured  at  the  first  hole  location.  The 
results  shown  below  are  the  medium  values  of  two 
measurements  displaced  by  90* 

Influence  of  the  Shim 

Figure  3  4.27  compares  the  results  of  assembled  specimens 
Mth  and  without  shims.  The  difference  is  noticeable,  except 
for  a  larger  scatter. 

Influence  of  Expanding 

Figure  3  4  28  compares  the  results  of  the  expanded  and  non 
expanded  holes.  It  can  be  said  that  the  fatigue  life  is 
substantially  improved  by  expanding  the  holes  for  Ti- 
investment  casting. 
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3  5  WELD  REPAIR 

In  general  a  easing  may  not  be  welded  without  the 
permission  of  the  user  That  means  also,  that  the  maximum 
size,  number  and  place  of  possible  defects,  which  could  be 
repaired  by  welding,  should  be  defined  in  a  specification. 
Areas  should  be  specified,  where  w  elding  is  not  allowed  and 
the  'free  of  defect*  status  has  to  be  fulfilled  by  the  foundry 
for  this  zone. 

Defects  in  non-critical  areas  of  the  casting  may  be  removed 
and  the  casting  repaired  by  w  eldingin  accordance  with  A  W 
2694  using  base  material  as  filler  material  Repair  welding 
shall  be  perfomed  pnor  to  any  heat  treatment  and  final  non 
destructive  testing 

Mechanical  Properties  of  Welded A3$7-AUoyi 

Values  of  welded  specimen'  equivalent  with  the  base 

material  (with heat  treatment  "T6W after  welding). 


Values  in  per  cent  from  the  base  material  (without  heat 
treatment 


Welding  Proc, 

Meehan.  Prop. 

Rp0.2/Rm  AS 

j  CB 

95%  30% 

|  TIG 

55%  C.0% 

EB  —Electro  Beam  welding 
TIG  “  TurigstenTnert-Gas  welding 


Mechanical  Properties  of  Welded  A20l-A!!oy 

Values  of  welded  specimen  equivalent  with  the  base 

material  (ww/iheat  treatment  “T7"  after  welding). 


Values  in  per  cent  from  the  base  material  (without  heat 
treatment: 


Welding  Proc. 

Meehan.  Prop. 

Rp02/Rm  A5 

|  EB 

75% 

!  TIG 

60% 

Fatigue  Beltavtour 

A  very  Important  fact  is  that  a  welded  area  will  have  some 
influence  on  the  fatigue  life  of  the  area.  Consequently  tests 
from  welded  areas  with  respect  to  fatigue  life  should  be 
conducted. 

The  following  examples  (Fig$.3  5 1—3  5.3)  will  give  a  rough 
idea  of  the  different  behaviour  of  welded  and  unwelded 
specimens. 
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4.  APPLICATIONS 


4  1  INTRODUCTION 

One  of  the  major  advantages  of  using  castings  in  aerospace 
structure  is  th»r  high  degree  of  versatility  They  can  be  cast 
in  thicknesses  from  a  few  millimetres  in  thickness  to 
complete  aircraft  subsections  including  tail  assemblies, 
bulkheads  and  canopy  frames.  Figure  4 1 II  shows  an 
experimental  tad  section  for  the  F-16.  It  is  one  of  the  largest 
aerospace  castings  produced  Although  this  particular 
casting  was  produced  under  a  research  and  development 
programme  and  never  reached  production,  it  shows  the 
potential  of  castings  for  wide  spread  low  cost  application  in 
future  systems 

For  years,  the  application  of  castings  in  load  carrying 
structure  in  aircraft  fi3s  been  limited  by  the  required  use  of  a 
casting  factor, Figu  re  4  2 1  show  s  the  first  known  application 
of  a  casting  m  a  io3d  critical  aircraft  application  without  a 
casting  factor  Such  an  application  must  be  carefully 
controlled  insolving  the  use  of  statistically  derived  design 
allowables,  metallographic  quality  control,  and  increased 
inspection  techniques,  nevertheless,  it  is  possible. 

The  remaining  figures  in  this  section  were  chosen  to  show  a 
wide  range  of  aerospace  applications  demonstrating  high 
levels  of  complexity,  variance  in  size,  thickness  or  noting 
method.  For  example,  while  most  of  the  A  357  Items  are 
sand  castings.  Figure  4 1 6  shows  a  low  pressure  permanent 
mould  casting  and  Figure  4 110  3n  investment  jnould 
casting.  Each  figure  is  accompanied  by  a  short  description 
illustrating  what  is  unique  about  that  particular  casting  and 
some  of  its  vital  statistics 

The  company  name  accompanying  each  figu  re  indicates  the 


supplier  of  the  information  for  that  item  and  not  necessarily 
the  sole  manufacturer.  Many  castings  where  the  production 
run  is  expected  to  be  large  may  have  several  foundry 
sources.  For  example,  castings  for  the  Air  Launched  Cruise 
Missile  section  shown  in  Figure  419.  have  been  produced 
by  Hitchcock  Industries,  ALCOA,  and  Wcldman  D>  namics. 

4  1.1  Pylon  Casting 

Oxer  15.000  pylon  castings  have  been  flown  in  the  past  25 
years  on  Northrop  aircraft  without  failure.  These  were  first 
produced  in  the  early  1960s  when  specifications,  such  as 
MIL-A  21! 80.  were  only  being  developed  for  aircraft 
applications. Tensile  properties  throughout  the  casting  of  50 
ksi  (345  MPa)  UTS.  40  ksi  (276  MPa)  YS  and  5% 
elongation  are  required  with  the  provision  that  a  specified 
quantity  may  be  slightly  lower  without  requiring  a  retest  as 
long  as  they  are  not  located  in  attachment  areas  One  casting 
is  destroyed  in  each  25  consecutively  produced  to  determine 
tensile  properties  One  attached  tensile  coupon  is  tested 
from  each  casting  to  control  the  heat  treatment  to  a  specified 
yield  strength  range  Each  casting  is  required  to  meet  grade 
B  radiographic  quality  Welding  is  generally  permitted  but 
limited  to  size  and  location. 

Alloy.A357-T6 

Specification  Northrop  (NAI 1310) 

Weight  65  lb  (29  kg) 

Wall  thickness  tolerance.  ±  0.030  in  (19  mm) 

Outer  surface  tolerance:  ±0030  in  (19  mm) 
to  basic  mould  line 

Mechanical  properties:  UTS  50  ksi,  YS  40  ksi,  E  -  5% 
(345  MPa),  (276  MPa) 

Courtesy:  Northrop 


Fig  411 


«3 


4.1.2  Airbus  A32Q  Cargo  Bay  Door 


Purchaser:  MBB 

Specification:  DIN  29531  ~  Class  1- 10 
Alloy:  A357T6 

Wall  thickness  tolerances;  075'  ±  016' 

1.9  mm  *04  mm 
Dimensions.  47  3'  X  39.4'  X  4.7' 

1200  mmX  1000  mm  X  120  mm 


Mechanical  Properties: 

Specification  UTSkslfMPa)  YSksiQIPa)  E(%) 
Critical  areas  48  330  40  280  5 

Others  41  280  35  240  3 


Typical  in  castings 

Cntical  areas  52  357  45  307  75 

Others  51  355  44  304  6.5 

Cou  rtesyt  Founderies  Montupct 


4.1.3  Pilot  Box  Structure 


Purchaser.  Dassault 
Specification.  Air  3380C  Class  1*0 
Alloy:  A357T6 
Weight' 22  lb  (10  kg) 

Wall  thickness  tolerances:  .098*  ±  019' 

2,5mm±0.5mm 

Mechanical  Properties: 

Specification  Typical  in  Castings 

UTS  V S  E(%)  UTS  YS  E(%) 

40ksi  29ksi  2.5  49  kst  40  Ui  10 

280  MPa  200  MPa  25  340 MPa  275  MPa  10 
Courtesy;  Fonderies  Montupet 
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4  1 .4  Landing  Flap  Holder 


Purchaser:  MBB 

Specification:  DIN  2953 1  -  Class  2 
Alloy:  A357T6 
Weight;  4.5 1b  (2  kg) 

Wall  thickness  tolerances:  236' to  079*  ±  012’ 

6  mm  to  2  mm  ±03  mm 

Mechanical  Properties; 

Specifications  UTSksi(MPa)  YS  kit  (MPa)  E(X.) 


Critical  areas 

49  340 

40  280 

5 

Others 

45  310 

35  240 

3 

Typical  in  castings 

Critical  areas 

51  350 

44  300 

65 

Others 

49  340 

41  285 

4 

Courtesy:  Foundenes  Montupet 


4.1.5  Missile  Check 


Purchaser.  Manufacture  d’armei  dc  tulle 

Specification*  Air  3380C  —  Class  2-0 
Alloy:  A3S7T6 
Weight*  4  01b  (1,8  kg) 

Wall  thickness  tolerances*.066*  ±  012* 

1,7  mm '03  mm 
Courtesy.  Fonderies  Montupet 
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4. 1  6  Antenna  Bases  for  Military  and  Commercial  Aircraft 


Aircraft  antenna  casting  require  the  culmination  of  all 
aspects  of  the  casting  process  including  metallurgical 
integrity  as  well  as  dimensional  and  surface  finish  precision. 

Process.  Low  Pressure  Premcnent  mould 
Alloy;  A357 

Specification.  M!L-A*2!  180,  Class  1 
Critical  Requirements 

A.  Short  Base •  100%  radiographic  to  grade  B  with  a 
minimum  wall  thickness  of  the  mast  section  of  .061  ±  010* 
(1.6  ±  .25  mm).  Radii  cast  to  .020*  (51  mm)  and  a  cast 
recess  of  .050  ±  .010'  (1  27  ±  .25  mm)  Weight:  .66  lb  (29 

4) 

B.  Med,  Base.  100%  Radiographic  to  grade  B  with  the  mast 
section  having  a  wall  thickness  of.  100  ±,010*  (2.54  ±  .254 
mm)  and  a  cast  step  of  .010*  ( 254  mm).  AH  dimensions  ± 
.010'  ( 254  mm)  Weight;  .875  lb  (.389  kg) 

C.  Long  Base :  1 00%  Radiographic  to  grade  B.  Mast  section 
wall  thickness  .187  ±  0.10*  (4,75  ±  2.5  mm)  with 
straightness  hdd  to  0.15'  (3  8  mm)  radii  cast  to  0J0*  (.76 
mm).  Weight;  1881b  (.836  kg). 

Courtesy:  Progress  Casting  Group 
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4  1 ,7  Forvs  ard  Support  Housing 


A  complex  casting  with  concentric  walls 0  080*  to.  120*  (2.0 
mm  to  3  0  mm)  thick  with  a  good  surface  finish  with  high  and 
COnsUtant  mechanical  properties.  In  the  construction  of  the 
mould  a  total  of  1 1  interna]  oores  are  used.'Ihis  casting  used 
in  the  F-16  weighs  34  lb  (15  kg). 

Alloy;  A3570T6 
Specification'  AMS  4219B 

Method  of  Production  Bottom  poured  by  L.P.  sand  process 
Typical  Mechanical  Properties: 

Cut-up  tests  from  casting  Yield  Tensile  EL% 

strength  strength 

Location  Avemgeof  hi  (MPa)  hi  (MPa) 

Drive  entrance  2  42.06  290  0  5026  346.5  3.2 

Mounting  pads  2  4003  2760  47.145  325.1  5.5 

Splitter  flange  3  4009  2764  44.30  305.4  32 

Bottom  flange  4  40.54  2793  45.84  316!  4.5 

Thin  walls  42.63  293.9  45.86  3162  4  5 

Spec  min.  (cut  from  castings)  3000  206  9  3800  262  0  2  0 

The  tensile  results  show  a  good  degree  of  consistency  of 
properties  throughout  the  thick  and  thin  walled  areas  of  the 
casting, 

Cou  rtesy:  Haley  Industries  United 


4.1  8  Bifurcation 


Material:  Aluminium  A357T61 
Specification' MIL-A-21 180 
Mechanical  Property  Requirements: 

Critical!  UTS  45  ksi  (310  MPa),  YS  31  ksi  (214  MPa), 

Elong.  5% 

Non-critical:  UTS  38  ksi  (262  MPa).  YS  28  ksi  (193  MPa). 
Elong  4% 

Weight;  40  lb  (18  kg) 

Size!  52*  X  12'  X  10' (1320  mm  X  30$  mm  X  254  mm) 

No  or  cores:  15 

Section  thickness'  .160'  to  .870*  (4  06  mm  to  22  1  mm) 
Dimensional  tolerance  ±  .030”  (i  ,762  mm) 

Application:  High  stress  pivot  hinge  for  commercial  aircraft 

Courtesy: Hitchcock  Industries 


Fig  4.1 8 


4.1,9  Cruise  Missile  Fuselage  Section 


This  is  one  of  the  four  tank  sections  which  make  up  the  ten 
casting  fuselage  of  the  Air  Launched  Cruise  Missile 
(ALCM).  These  four  sand  castings  range  in  thickness  from 
'4*  to  1  V/(3.2  mm  to  38  mm)  and  are  machined  only  on  the 
mat-rig  surface.  When  impregnated  to  insure  against  fuel 
leakage  and  bolted  together  they  form  a  1 3  ft  (4  0  m)  long 
tank  assembly  weighing  approximately  400 lb  (1 80  kg).The 
entire  fuselage  structure  is  approximately  2 1  ft  (6  4  m)  long. 
Courtesy  The  Boeing  Cc  np any 


4.1.10  Bell  Helicopter  406  Combat  Scout’s  Outer  Swashplale 

Process:  Investment  cast  in  A357  aluminium 

This  swash  plate  is  the  dynamic  component  providing  forces 

necessary  to  apply  pitch  to  the  rotary  wing,  thus  providing 

the  helicopter  with  maneuverability.  This  is  a  single  load 

path  design  with  no  redundant  system,  thus  becoming  a 

critical  part  in  the  flight  regime 

The  part  is  a  20'  X  20'  (508  mm  X  508  mm)  vacuum  melt/ 

vacuum  pour  investment  casting  with  cored  passages  for 

weight  reduction.  This  radiographic  class  'B*  casting 

consistantly  provides  class  *A“  radiographic  quality  which 

results  in  superior  fatigue  properties. 

Courtesy:  Howmct  Turbine  Components  Corporation 


41.11  Vertical  Stabilizer  Substructure 


An  experimental  vertical  stabilizer  built  for  potential 
application  on  the  General  Dynamics  F*  16.  This  large  thin 
wall  cast  structure  met  or  exceeded  all  the  design  criteria. In 
addition  to  meeting  mechanical  properties  the  actual  weight 
was  491b  (22  kg),  versus  a  maximum  of  52  lb(23  kg)  and  the 
part  achieved  tw  o  life  cycles  in  the  full-scale  fatigue  test  with 
no  failure. 

Alloy:  A3570-T6 

Weight.  52  lb  (23  kg)  maximum 

Sue;  11.5'  X  3.5'  X  4'  (3500  mm  X 1070  mm  X  100  mm) 

Topical  wall:  0.80'  (20  mm)  —  30  to  40%  thinner  than 

typical  for  castings  of  this  size  and  complexity 

Specifications:  M1L-A-21180 

Mechanical  properties:  45*36*4  high  stress  areas.  35*29-4 
other  areas 

Casting  process;  Dry  Sand  Assembly 

Number  of  cores' 37 

Courtesy;  Alcoa/General  Dynamics 


Fig  4.1.11 
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4  1.12  CanopyFrame 

Large  frame  cast  structure  for  the  Grumman  F-14  canopy. 

Requires  high  mechanical  properties  and  unique  heat  treat 

and  straightening  practices  to  achieve  dose  dimensional 

requirements  for  fit  to' the  aircraft  structure.  A  total  of  774 

castings  were  shipped  from  1972  to  19S7 

Alloy  A3570-T6 

Weight:  98  !b  (44  kg)  maximum 

Size:  41'  X  24*  X  134*(I041  mm  x  609  mm  X  3403  mm) 

Typical  thickness:  .125'  (3 17  mm) 

Specifications.  MIL-A-2 1180 
Mechanical  Properties: 

UTS  50  ksi  (345  MPa),  YS  40  ksi  (276  MPa).  5%e! 
high  stress  aicas 

UTS  41  ksi  (283  MPa),  YS  31  ksi  (214  MPa),  3%cl 
other  areas 

Casting  process:  Dry  sand  assembly 
Number  of  cores:  97 
Courtesy  Alcoa 
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41.13  MRCA  Tornado.  Intake  Floor 


Purchaser,  MBB  (Messerschmitt-Bolkow-Blohm) 

Foundry  Messier  and  Merlin  Gerin 

Specification;  DIN  29  53 1  —  Gass  1  -0 

Alloy.  A356T6 

Wall  thickness  tolerances:  1.8  mm +04  mm/— 0  2  mm 

070' + 4)167— ,008* 
Dimensions:  700mmX430  mm  X  330mm 

(276*X!69'XI3*) 

Medtjmcal  Properties;  VTS(MPA)  YS(MPA)  E(%) 
Cntical  areas  340  270  5 

Others  310  250  3 

This  component  belongs  to  the  pnmarj  structure  and  is 
located  in  the  forward  engine  air  intake.  The  old  version 
consisted  of  13  machined  parts/9  sheet  metal  parts  and 
c.400  fasteners.  The  cast  version  consists  of  one  part  only 
By  comparison  with  the  old  version  cost  reductions  of  more 
than  60%  at  the  same  weight  were  achieved  by  using  the 
casting. 

Courtesy  MBB  (Messerschmitt-Bolkow-Blohm) 
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4  I  14  MRCA  Tornado:  NIB  Centre  Structure 


Purchaser:  MBB  (Messerschnutt-Bo!how--Blohm) 

Foundry.  Merlm  Gerin  and  Tital 

Specification:  DIN  29  53!  —  Class  1-0 

Alloy,  A357T6 

Wall  thickness  tolerances:  1 6  mm  ±015  mm 

.063' ±006' 

Dimensions:  510  nun  X  260  mm  X  SO  mm 

(20rxi02'X3.2*) 

Mechanical  Properties'  UTS  (MPA )  YS(MPA)  E(%) 
Gntical  areas  340  280  5 

Others  310  240  3 

The  NIB  is  located  in  the  fixed  wing  area  of  the  MRCA 
Tornado  and  is  a  primary  component.  The  senes  version 
consists  of  15  machined  and  sheet  metal  parts.  The  casting 
consists  of  only  one  part.  Value  analyses  have  shown  20% 
weight  savings  and  25%  cost  savings  for  the  casting. 

Courtesy  MBB  (Messcrschmitt  Bolhow-BIohm) 
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4  2  D357 

4  2.1  General  Dynamics  F-16  Modular  Common  Inlet 
Duct  Casting 

This  is  the  first  attempt  to  produce  a  cast  structural 
component  utilizing  no  casting  factor  (1.33).  Over  80%  of 
this  casting  requires  50  (a  (345  MPa)  UTS,  40  ksi  (276 
MPa)  YS  and  5%  elongation.  One  casting  is  destroyed  in 
each  20  consecutively  produced  to  determine  tensile 
properties.  About  80  tensile  coupons  are  obtained  and 
dendnte  arm  spacing  evaluated.  Each  caste's  shall  meet 
grades  A&B  radiographic  quality  Welding  is  permitted  but 
limited. 

Alloy:D357-T61 

Wall  thickness  tolerance:  ±  .030*  (76  mm) 

Dimensions-  Length  —  25'  (635  mm) 

Width -60*(I524  mm) 
Mechanical  properties;  UTS —50  ksi  (345  MPa) 

YS— 40kst(276MPa) 

E-5% 

Weight:  approx.  478  lb  (21  kg) 

Courtesy  General  Dynamics 


Fig  421 
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4.3  A  201 

4.3.1  Turbocharger  Compressor  Impeller 
This  compressor  wheel  is  cast  for  a  West  German  diesel 
engine  manufacturer,  for  use  in  a  twin  turbo  boost 
application.  KOI  alloy  was  selected  for  its  resistance  to 
moderate  elevated  temperatures  during  use  and  the  high 
strength  required  while  functioning  at  20,000  RPM 

Alloy;  K01-T7  (A201) 

Casting  size:  3.75'  X  6  9*  dia  (95  mm  X  175  mm  dia  ) 
Section  thickness:©  045' to  3.75' (1 1mm  to  95  mm) 

Gram  si zc  range:  130  to  300  urn 

Mechanical  properties:  Tensile  69  ksi  (478  MPa) 

Yield  64  ksi  (443  MPa) 
Elongation  8% 

Courtesy:  Cercast  Industries 


Fig  4.31 


4.3.2  Rollover  Beam  for  Helicopter 


Tim  strength  casting  forms  an  integral  part  of  the  canopy 
structure  of  a  US.  military  helicopter.  Originally,  the  part 
was  fabricated  by  riveting  a  central  machined  beam  with  two 
KO 1  investment  castings  at  the  extremities.  Significant  cost 
savings  were  realized  by  the  customer  by  having  the 
component  cast  in  one  piece.  Today,  over  500  parts  have 
been  delivered  for  this  successful  programme. 

AUoy.KQl-T7(A201) 

Casting  size:  21.8'  X  11.7'  X  4  2' 

(554  mm  X  297  mm  X  107  mm) 

Section  thickness:  0  085'  to  0  4*  (2.1  mm  to  10 1  mm) 

Grain  size  range:  140  to  210  um. 

Mechanical  properties:  Tensile  64  3  ksi  (443  MPa) 

Yield  58.5  ksi  (403  MPa) 
Elongation  6% 

Courtesy:  Cercast  Industries 


4,3.3  Engine  Control  Support 


This  structural  casting  is  used  as  an  engine  control  support 
for  a  U.S.  missile.  Developed  several  jears  3go,  the  part  was 
designed  in  KOI  in  order  to  take  advantage  of  the  high 
strength  to  weight  ratio  needed. This  casting  features  heavy 
mounting  lugs  adjacent  to  thin  wall  stiffening  nbs,  with 
uniformly  high  mechanical  properties  throughout. 

AtloyKOI-T7 

Casting  size  18'  x  16*  x  5.7* 

(457  tnm  X  406  mm  X  145  mm) 

Section  thickness.  0 1 2*  to  0  5  5'  (3  mm  to  1 4  mm) 

Grain  size  range;  160  to  220  urn. 

Mechanical  properties:  Tensile  65  0  ksi  (44$  MPa) 

Yield  56.0  U  (386  MPa) 

Elongation  6.5% 

Courtesy  Cercast  Industries 


Fig  4  33 


4  4  T16AL-4V 
4  4.1  Opcical  Pointing  System 

The  application  for  the  two  Investment  cast  mating  pans  is 
an  optical  pointing  system.  Titanium  was  selected  because 
the  combination  of  its  lightweight  and  high  rigidity  resulted 
In  the  ability  to  achieve  extremely  stable  pointing.  The 
complexity  of  design  precluded  manufacture  by  any 
technique  other  than  casting. 

The  hollow  square  tubular  sections  with  several  bulkheads 
on  the  yoke  were  created  with  a  soluble  wax  core  which  is 
chilled  to  reduce  shrinkage  variations.  Wall  thickness  in 
some  sections  of  the  arm  are  a  nominal  0 10'  (2.5  mm).  The 
three  round  sections  on  the  bottom  of  the  yoke  were 
produced  with  mechanical  cores  and  loose  toed  pieces  to 
create  the  undercut  details. 

To  ensure  complete  freedom  from  residual  stresses  after 
creep  hot  sizing,  the  part  is  re-vacuum  annealed  without 
fixtunng. 

Typ.cal  mechanical  properties' 

UTSksi  137  YSksi  120  %E 

MPa  945  MPa  828  12% 

Customer.  Ball  Aerospace 
Spccification:MIL*T*8191S  Type  III  Comp  A 
Alloy.  T16AL>4V 
Courtesy  Titech  International 
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4,4.2  Exhaust  Nozzle  Actuation  Rjng 


TI  6AL-4V  Alloy  Exhaust  Nozzle  Actuation  Ring  for 
military  aircraft  gas  tu  rbine  engine/This  intricate  Investment 
casting  includes  three  (3)  separate  annular  cores  with 
limited  access,  as  shown  »n  the  cross-section  dose-up/fight 
dimensional  tolerances  require  special  post-cast  suing 
operations.  Extensive  areas  of  thin  wails  add  to  the 
complexity  of  this  301b(13  kg)  casting.  Overall  diameter  is 
41*  (1040  mm) 

Specification'  General  Electric 
Courtesy.  Precision  Cast  parts  Corp. 
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•14  3  Fan  Frame 


This  complex  gas  turbine  engine  component  is  the  largest 
one-piece  titanium  production  class  costing  of  its  kind 
There  are  three  major  concentric  elements  combined  in  this 
state-of-the-art  casting-  heavy  walled  flanges  which  support 
twelve  hollow,  thin  wall  airfoil  struts,  along  with  heavy 
engine  mount  bosses  and  an  internal  housing  which 
supports  the  main  turbine  axle.  Several  through-core  and 
blind  end  cores  are  contained  throughout  this  intricate 
casting. 

The  development  of  this  casting  design  resulted  in  the 
elimination  of  a  ninety-plus  separate  piece  fabrication,  a 
significant  weight  reduction,  and  a  superior  airflow  path,  all 
of  which  increase  total  engine  performance. 

Technical  data:  TI-6AL-4V  Alloy 
Hip  and  heat  treated 
51*  (1295  mm)  diameter 
300  lb  (133  kg)  net  casting  weight 
Specification:  General  Electric 

Courtesy  precision  Castparts  Corp. 


4  4  4  TFEI042  Front  Frame 


Garrett  Turbine  Engine  Company 
Titanium  6AL-4V 
2  P  (533  mm)  dia.  40  lbs  (18  H) 

Spec  fica tion'  Ga  rret t Tu rbine  Engine  Company 
The  front  frame  is  a  critical  structural  component  of  the 
GTECTFE1042  gas  turbineengine.lt  not  onlysuppom  the 
fan  and  the  accessory  gearbox,  but  also  holds  the  engine  into 
the  airframe. 

The  casting  pictured  is  a  complex  mid-size  titanium  part 
which  utilized  state-of-the-art  coring  technology.  Eight 
fragile  ceramic  Strut  cores  along  with28  water  soluble  cores 
help  to  form  this  challenging  20  strut  casting. 

Courtesy  Howmet 
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5.  QUALITY  ASSURANCE  METHODS/CORROSION 
BEHAVIOUR 

5.1  QUALITY  ASSURANCE  METI IODS 
5 1 1  General 

Buyers  and  casters  must  agree  on  the  meaning  of  quality. 
Each  factor  affecting  quality  must  be  decided  by  a  set  of 
rules  for  inspecting  castings  and  criteria  for  accepting  or 
rejecting  castings* 

Specifications  must  be  set  up  for  alloy  composition  and 
mechanical  properties,  hardness,  surface  condition  and 
interior  soundness.  Inspection  may  include  chemical 
anJyses,  tensile,  impact,  bend  and  hardness  tests,  visual, 
microstructure  examination,  fluorescent  or  dye  penetrant 
inspections  X-ray  inspections,  gamma-ray,  ultrasonic  and 
special  tests  must  be  described  and  earned  out  to  ensure 
good  agreement  among  the  producer's  inspectors  and  the 
customer's  inspectors. 

The  word  “quality"  does  not  imply  any  particular  degree  of 
desirability  It  designates  a  combination  of  charactenstics  to 
a  specific  casting. 

Quality  is  relative  and  not  absolute  What  may  be  good 
quality  in  a  particular  product  when  used  for  one  purpose, 
may  be  quite  inadequate  if  the  same  product  is  used  for  a 
different  purpose. 

In  engineering  and  industrial  w  ork  this  situation  is  governed 
by  spccifi'-ations  or  test  codes,  whkh  define  standards  of 
quality  required  under  different  conditions  and  state  their 
limits.  Such  guidance  simplifies  deciding  which  quality 
standard  to  maintain,  stating  the  variations  allowable  and 
methods  of  measuring  them. These  standards  are  based  on 
experience  with  the  Lind  of  product  concerned. 

Rigid  controls  generally  imply  a  combination  of  high  quality, 
low  quantity  and  high  cost.  On  the  other  hand,  more  flexible 
controls  are  apt  to  result  in  lower  quality  standards,  greater 
quantities  and  lower  costs.  The  designer  must  balance  the 
degree  of  quality  control  against  the  casting  application,  to 
achieve  a  cost  effective  solution  according  to  hts  needs. 

The  term  •Premium  quality*  is  becoming  a  more  frequent 
descriptive  requirement.  Premium  quality  castings  having 
better  internal  soundness  and  inherent  high  mechanical 
properties  are  more  costly  than  ordinary  commercial 
castings. They  should  be  used  in  highly  stressed  components 
for  service  under  severe  conditions  or  substituted  for  parts 
fabricated  from  wrought  alloys,  where  highest  strength-to- 
weight  ratio  is  essential. 

Conclusively,  it  can  be  said  that  the  scope  of  testing 
constitutes  an  Important  cost  factor  so  that  its  scope  should 
be  adjusted  to  the  task  of  the  component.  Expressed  in 
simpler  terms,  the  scope  of  scries  tests  should  be  'as 
extensive  as  necessary  but  as  small  as  possible*. 

5.1.2  Specifications 

The  specification  is  developed  by  other  the  maker  or  the 
user,  who  specifics  the  intended  condition  of  a  casting 
throughout  its  manufacture  or  upon  its  completion.  A 
specification  must  consider  not  only  what  is  possible, 
desirable  and  necessary,  but  also  what  is  practical,  either 
now  or  in  the  future. 

Specifications  concerning  castings  are  listed  in  Table  5.1. 
The  abbreviations  for  most  common  specifications  arc  given 
below 


MIL.  Military  Specifications  or  Handbooks, 

available  from  the  US  Naval  Forms  and 
Publication  Center 

AMS.  Aerospace  Materials  Specifications, 

available  from  the  US  Society  of  Automotive 
Engineers 

ASTM,  Specifications  of  the  Amencan  Society  for 

Testing  and  Materials, 
available  from  ASTM  m  the  U.S 

SAE  Society  of  Automotive  Engineers  Handbook. 

This  has  limited  use  as  the  handbook  covers 
wrought  ferrous  materials  only.  SAE  handbook 
available  in  the  US 

QQ.  Federal  specifications  (US  ). 

available  from  US  Naval  Forms  and  Publications 
Center 

DIN  German  matenals  specifications, 

available  from  Deutsches  Inslitut  fur  Normung 

LN,  Lufworm  —  German  aircraft  specifications 

BSP  Bntish  Standards  Institution  testing 

specifications  available  BSI  London.  England 
AIR.'  French  Aircraft  norm  standards. 

available  from  Ministcre  de  la  Defense 
Natlonale. 

5  1.3  Quality  Assurance  at  the  Foundry 
Quality  assurance  of  castings  can  be  divided  into  quality 
assurance  measures  at  the  manufacturer's  (foundry)  and  at 
the  buyer's. 

Quality  control  at  the  foundry  commences  upon  arnval  of 
the  material  such  as  the  raw  material,  wax,  moulding 
materials  and  binders 

Dimensional  checks  with  adjustments  and  test  facilities  as 
well  as  electronic  measuring  equipment  relate  to  the  tools, 
patterns  and  castings  so  that  production  is  monitored  nght 
from  the  early  stages  of  the  process  through  to  senes- 
production.  Analytical  equipment  is  used  to  record  the 
composition  of  the  molten  masses  and  castings,  and  the 
smallest  of  additives  which  are  determined  for  the 
achievement  of  certain  properties. 

In  addition  to  an  assessment  of  the  texture  and  the 
determination  of  mechanical  properties  (tensile  tests  on 
separately  cast,  integrally  cast  specimens  and/or  specimens 
taken  from  the  part)  X-ray  and  dye  penetrant  tests  are 
earned  out.  Moreover,  qualification  tests  can  be  earned  out 
on  the  component. 

To  summanze.  the  following  quality  assurance  methods  are 
applicable  to  castings. 

•  qualified  matcnal 

•  qualified  personnel 

•  documentation  of  process 

•  visual  inspection 

•  dimensional  checks 

•  penetrant  test 

•X-ray  test 

•  mctallographic  investigation's 

•  tensile  tests  on  specimens 

•  component  tests. 

The  testiog  facility  shall  be  surveyed  and  approved  by  the 
casting  purchaser.  TTie  test  facility  shall  be  responsible  for 


135 


Table  5,1 
Specification 


MIX,  -  A  -  8860 

Airplane  Strength  and  Rigidity, 

General  Specification  for 

MIL  -  A  -  21180 

High  Strength  Aluminum  Castings 

MIL  -  C  -  6021 

Castings,  Classification  and  Inspection  of 

MIL  -  H  -  6088  E 

Z.C.  Testing  Procedur  as  related  to  Heat 
Treatment  of  Aluminum  Alloys 

MIL  -  I  -  6866  B 

Penetrant  Inspection 

MIL  -  STD  -  276 

Impregnation  of  Aluminum  Castings 

MIL  -  STD  -  453 

Radiographic  Inspection 

MS  2635  C 

Radiographic  Inspection 

AMS  2645  H 

Fluorescent  Penetrant  Inspection 

AMS  4228 

KOI  -  T6  Material  Spec. 

AMS  4229 

KOI  -  T7  Material  Spec. 

AMS  4241 

Aluminum  Alloy  Castings,  Sand  Composite 

7,0  Si-0,58  Mg-0,15  Ti  -0,06  Be 

(D.  357.0-T6)  Solution  and  Precipitation 

Heat  Treated  Aircraft  Structural  Quality 

AMS  4242 

Aluminum  Alloy  Castinas,  Sand  Composite 

4,7  Cu-0,60  Ag-0,35  Mn-0,25  Mg-0,25  Ti 
<B  201.0-T7)  Solution  Heat  Treated  and 
Ovcraged  Aircraft  Structural  Quality 

A STM  B— 117 

Salt  Spray  and  $CC  Testing 

ASTM  B-557 

Tensile  Testing 

ASTM  E8-82 

Tensile  Testing  -  U.S. 

ASTM  E-34 

Chemical  Analysis  of  Aluminum  and 

Aluminum  Base  Alloys 

ASTM  E-155 

Radiographic  Standards 

ASTM  E-16S-60T 

Methods  for  Liquid  Penetrant  Inspection 

ASTM  G-44 

KOI  Corrosion  Behavior 

DIN  SO  12S 
LN  29  512 
BSI  4A.4 


Tensile  Testing  -  Germany 
Tensile  Testing  -  Germany 
Test  Methods  -  U .  K. 
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the  performance  of  all  inspection  requirements  as  specified 
in  the  data  sheet, 

5.1 .3.1  Preproduetion  Tests 

In  advance  of  production,  unless  otherwise  specified  in  the 
contract  or  order,  ’two  castings,  heat  treated  and 
straightened  to  drawing  requirements,  shall  be  submitted  for 
examination  and  written  approval 

One  casting  shall  be  identified  as  the  “dimensional  sample” 
and  shall  be  for  dimension  approval.Thc  other  casting  shall 
be  identified  as  the  “foundry  control  sample”  and  shall  be 
for  X-ray  and  strength  inspection  as  necessary  for  approval 
according  to  the  procurement  documents. 

The  submitted  castings  shall  be  fully  representative  of  the 
foundry  practice  that  willbeuscdin  production.  If  chills  are 
required,  their  size  and  location  shall  be  permanently 
identified  and  recorded.  Pouring  temperature  of  the 
submitted  casting  shall  be  recorded, 

5.13.2  Chemical  Analysis 

Chemical  composition  «$  usually  controlled  by  a  certified 
master  heat  as  suppi  ied  to  the  found  ry  by  the  alloy  producer 
It  is  necessary  that  each  melt  prepared  for  casting  be 
analyzed  by  spcctrographic  methods  in  the  foundry 
regardless  of  whether  a  master  heat  or  returned  gates  and 
risers  are  used. 

The  foundry  shall  certify  this  chemical  composition  for  a 
particular  batch  of  castings  according  to  a  pre-dctcrmincd 
specification  chosen  by  the  user. 

Suggested  specifications4 

ASTME34  Chemical  Analysis  of  Aluminium  and 
Aluminium  Base  Alloys. 

MILA  21180  High  Strength  Aluminium  Castings. 

AMS  4241  Alunumum  Alloy  Castings,  Sand  Composite 
70  Si-038  Ms-0,15  Ti  -  006  Be  (D3570- 
T6)  Solution  and  Precipitation  Heat  Treated 
Aircraft  Structural  Quality 

AMS  4242  Aluminium  Alloy  Castings.  Sand  Composite 
4  7  0i-060Ag-0.35Mn-0.2SMg- 
0  25  Ti  (B  2Q1.0-T7)  Solution  Heat  Treated 
and  Overagcd  Aircraft  Stiuctural  Quality. 

5.1.33  Gas  Content  of  the  Liquid  Metal 
In  the  liquid  state,  aluminium  alloys  always  dissolve  gases 
and  mainly  hydrogcn.This  occluded  gas  is  rejected  when  the 
solidification  occurs,  and  can  create  porosities  in  castings. 
Then,  to  decrease  the  gas  content,  the  liquid  bath  must  be 
cleaned  with  nitrogen,  chlorine  or  argon,  and  the  level  of  the 
gas  content  must  be  checked  before  the  pouring  operations. 
Several  kinds  of  apparatus  arc  available  on  the  market  to 
perform  this  inspection. 

5.13.4  Heat  Treatment 

The  hc3|  treatments  of  castings  arc  one  of  the  main  steps  of 
the  fabrication.  AH  operations  of  heat  treatment  must  be 
very  precise  and  checked.  First  of  aU,  the  furnaces  aid 
facilities  will  be  certified  by  the  quality  assurance 
department  with  a  complete  inspection  twice  a  >ear. 
Secondly,  each  phase  of  heat  treatment  must  be  identified 
and  checked  (temperatures,  measurements  and  mechanical 
properties  on  attached  coupons), 

5.1 33  1  'total  Inspection 

Bach  casting  shall  be  examined  visually. 


Certain  types  of  defect  are  obvious  upon  visual  examination 
of  the  casting-  cracks,  cold  shuts,  ceramic  inclusions, 
positive  metal  and  missing  features  These  defects  mayor 
may  not  be  discovered  by  other  NDT  methods,  and  should 
be  covered  on  the  user's  drawings-. 

5.13  6  Hardness  Measurement 
The  resistance  of  metals  to  plastic  deformation  by 
indentation  may  be  measured  by  hardness  tests  such  as 
BrineU,  Rockwell  and  Vickers, 

Hardness  is  a  good  indication  of  consistency  and  when 
correlated  with  chemctal  composition  and  heat  treatment,  is 
a  cost  effective  control  of  casting  acceptability. 

Hardness  certification  by  the  foundry  is  generally  expressed 
as  a  range  (for  a  specific  heat  treat  lot)  as  a  result  of  testing, 
5.13,7  Dimensional  Control 

The  dimensions  of  the  castings  shall  be  within  the 
dimensions  and  tolerances  specified  on  the  applicable 
drawings 

Chapter  2  of  this  Handbook  outlines  the  tolerances 
recommended  for  castings.  More  rigorous  tolerances  are 
possible  and  will  depend  on  the  specific  part,  the  casting 
producer  and  the  justification  for  increased  cost.  Users  wi  th 
specific  problems  requinng  closer  tolerances  than  accepted 
standards  should  contact  the  supplier  with  specific  details 
Casting  acceptance  will  generally  be  based  on  the  foundry's 
ability  to  supply  parts  which  meet  the  customer's  drawing 
specifications 

Complex  castings  employing  cast  tooling  points  or 
“targeted”  spot  faces  requinng  supplemental  machining 
operations  at  an  outside  facility  arc  often  “source  inspected” 
at  the  foundry  before  shipment.  In  this  way,  the  user  is  able  to 
inspect  and  approve  the  casting  dimensionally  before  costly 
machining  operations  are  performed 

5  13.8  Penetrant  Inspection 

Due  to  the  high  sensitivity  desired  for  the  inspection  of 
aluminium  castings,  fluorescent  penetrant  is  preferred  to 
dye  penetrant  inspection.  Penetrant  inspection  is  a  sensitive 
non-destructive  method  for  detecting  cracks,  gas  and 
shnnkage  porosity  and  ceramic  inclusions.  The  technique 
employs  a  highly  penetrating  fluorescent  liquid  which  is 
visible  under  “Black  Light”. 

Basically  two  systems  of  fluorescent  penetrant  inspection 
are  recommended  for  aluminium  castings: 

A)  “Water  Wash  —  This  system  employing  a  water 
washable  penetrant  with  excess  removed  by  water 
spray  is  most  widely  used  and  recommended,  A  higher 
detection  sensitivity  is  possible  if  the  processed  casting 
is  dusted  with  a  powdered  developer. 

B)  “Post  Emulsified”  —  The  post  emulsified  penetrant  is 
not  water  washable  immediately.  An  emulsifier  is 
applied  to  the  surface  after  penetration  and  then 
washed  away.  Emulsifying  time  is  critical  and  yields 
improved  sensitivity  of  detection.  Again,  die  processed 
casting  may  be  di  sted  with  a  powdered  developer  for 
easier  defect  detection.  The  post-emulsified  treatment 
t$  more  labour  intensive  and  results  in  higher  costs  to 
the  user. 

Ultimate  defect  detection  is  possible  by  chemically  etching 
the  casting  surface  prior  to  penetrant  examination  The 
etching  procedure  employing  a  mix  of  acids  and  oxidising 
agents,  removes  smeared  and  contaminated  material  to 
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i  GENERAL  INSPECTION  GRADES  FOR  CASTINGS  j 

jRADE 

DESCRIPTION 

A 

Very  difficult  to  attain,  requiring  castings  to  be 
free  from  all  defects  detectable* by  X-ray  examination. 

B 

This  is  a  high  standard  which  cannot  easily  be 
attained.  Multiple  gates  are  often  required  to 
reduce  internal  shrinkage  to  an  acceptable  level. 

It  is  also  difficult  to  attain  consistently,  since 
small  gas  inclusions  are  cause  for  rejection. 

C 

This  is  a  moderately  high  standard  which  can  be 
attained  consistently  with  adequate  gating  and 
good  foundry  practices.  Sampling  plan  is  allowed 
with  this  class  of  casting. 

D 

This  is  a  liberal  standard  which  can  be  attained 
easily  with  most  configurations. 

expose  the  underlying  structure.  Again,  this  labour  intensive 
and  hence  expensive  process  is  recommended  for  only  the 
most  critical  eastings. 

The  following  specifications  are  recommended  for 
penetrant  inspection* 

ASTM  E«165*60T  'Methods  for  Liquid  Penetrant 
Inspection" 

AMS  2645  H  'Fluorescent  Penetrant  Inspection’ 

MIL-I-6S66B  'Penetrant  Inspection" 

5. 1.3.9  Radiographic  Inspection 
Radiographic  inspection  is  one  of  the  most  useful  tools  in 
casting  quality  assurance,  and  is  commonplace  in  all  casting 
foundries.  For  aluminium  investment  castings,  the  preferred 
radiation  source  is  X*ray  with  a  camera  power  generally  not 
exceeding  1 60  Kw 

Tbc  radiographic  inspection  shall  be  performed  in 
accordance  with  MIUSTD-453.  ASTM  E- 155  shall  beused 
todefinc  radiographic  acceptance  standards. 

According  to  the  classes  defined  in  MIL-C-6021  there  are 
four  X-ray  grades  (A.B.CJD)  which  desenbe  the  quality  of 
the  casting. 

Grades  A&B  are  extremely  difficult  to  meet  and — as  in  the 
case  of  all  X-ray  specifications  —  one  should  designate 
selected  areas  (highly  stressed  areas)  of  the  casting  which 
must  meet  this  specification. 


Grade  C  is  the  preferred  X-ray  class  for  high  quality  pans 
(low  stressed  areas).  Grade  D  is  preferred  for  general  X-ray 
examination  and  allows  a  relatively  large  degree  of 
imperfection  or  discontinuity. 

According  to  the  classes  there  is  a  definition  in  M!L-C>602 1 
for  each  discontinuity  Ike  gas  holes,  shrinkage,  foreign 
material,  sponge,  shrink  cavity,  dcndntic  and  filamentary 
The  contractor  shall  establish  the  class  and  the  grade 

It  is  important  to  know  that  the  cost  of  castings  depends  very 
strongly  on  the  defined  class  and  grade.  The  following  table 
shows  some  pnee  implications  of  radiographic  inspection 
(intended  as  guideline  only): 

Casting  costs  reflect  labour  and  material  costs  as  wdl  as 
increased  scrap  rejection  due  to  non  conformance  to 
specifications,  as  a  result  of  shrinkage  porosity,  gas  porosity, 
cracks,  inclusions,  oxides,  and  segregation  of  alloying 
elements,  etc. 

The  following  specifications  are  recommended  for 
radiographic  inspection. 

MlL*$TD-453  Radiographic  Inspection 
MIL-0602 1  H  NDT Classifications  &  Inspection 
AMS  2635  C  Radiographic  Inspection 
ASTM  E*155  Radiographic  Standards 


^GRAD£^-^LASS 

CASTING  COST 

REMARKS 

Grade:  A 

B 

C 

D 

Class:  1 

2 

3 

4 

♦  (30-50  l) 

♦  (  8-12  ») 

♦  (4-61) 

♦  (1-31) 

♦  (20-30  \) 

♦  (15-25  %) 

♦  (10-15  l) 

-  (  0  l  ) 

Casting 

Quality 

Level 

Casting 

Inspection 

Frequency 

A 'o/ue: 

The  ASTMH  155  standards  represent  samples  with 
thicknesses  of  %  inch  and  %  inch  They  are  notadapted  for 
inspection  o i  castings  having  thicknesses  lower  than  4  mm. 
The  structure  parts  currently  show  thicknesses  of  2  mm  [t 
must  be  known  that  the  severity  of  the  X-ray  inspections  is 
increased  a  lot  when  the  thickness  becomes  thinner, 
because  the  sensitivity  of  the  method  is  improved.  That 
means  that  it  will  be  necessary  for  the  future  to  Create  new 
standards  with  adapted  reference  samples.  But.-before 
having  these  ones,  it  can  be  very  helpful  to  use  reference 
radiograms  chosen  among  representative  films  obtained  on 
the  same  casting  family. 


5 1.3  10  Mechanical  Properties 

Citings  and  test  bars  must  be  tested  to  ascertain  that 
mechanical  property  specifications  arc  met  The  strength 
requirement  of  the  casting  tested  in  full  size  shall  be  as 
specified  on  the  drawing  or  in  other  pu  rchase  information. 

Mechanical  testing  is  often  the  final  verification  for  casting 
integrity  and  qualifications,  as  a  result  of  correct  chemistry, 
nuero$tructura),NDT  and  heat  treating  control  parameters. 
As  standard  procedure,  the  foundry  should  cast  separate 
test  bar  casters  from  each  melt  used  to  produce  castings, 
and  make  available  the  mechanical  properties  of  the  heat 
treated  bars.  This  is  at  least  a  basic  check  for  foundry  and 
user  and  reflects  any  changes  in  processing.  This  method  {$ 
the  least  costly  of  mechanical  ven  Heat  ions,  howev  er.  cast  test 
bars  indicate  only  the  quality  of  the  metal  from  which  the 
casting  Is  made.  They  do  not  give  actual  properties  of  the 
casting,  pother  are  they  a  quantitative  measure  of  casting 
quality.They  arc  not  truly  representative  of  the  final  casting. 
The  chief  value  in  tensile  testing  lies  in  assuring  consistency 
of  metal  properties  from  heat  to  heat  or  from  one  casting  lot 
to  the  next. 

Semi-crittcal  castings  may  employ  integrally  cast  coupons  or 
test  bars  attached  to  the  casting  gating  system  The  bars  arc 
later  heat  treated  with  the  casting,  and  mechanical 
properties  will  more  closely  resemble  properties  of  the 
finished  part.  Important  factors  often  overlooked  arc  the 
solidification  conditions  in  both  test  bar/coupon  and  in  the 
casting  itself.  Generally  the  complexity  and  wall  thickness  of 
the  casting  result  tn  slower  alloy  solidification  than  in  the 
attached  bar.  Ax  a  result,  rwhanical  properties,  in  the 
integral  bit  will  often  be  superior  to  that  of  the  casting,  and 
display  grossly  optimistic  mechanical  properties. 

The  discrepancy  between  integral  bars  and  casting  may  be 
iTunmurcd  by  engineering  test  coupons  which  solidify 
comparably  and  have  similar  rmcrostructural  conditions 
(gram  size,  DAS,  etc  y  The  foundry  should  be  consulted  (n 
these  circumstances  to  properly  develop  meaningful 
correlation  studies.  Although  more  relevant  than  separate 
cast  test  bar  values,  to  qualify  castings  will  result  in 
additional  effort  and  premium  costs. 

Critical  application  castings  arc  best  qualified  by  test 
coupons  cut  from  designated  (cntkal)  and  non-doignatcd 
areas.  It  Is  suggoteu  that  one  casting  be  tested  per  heat  treat 
to,  for  small  parts,  and  a  testing  schedule  be  established  by 
foundry  and  user  for  larger  castings. 

Due  to  the  high  cost  of  destroying  a  easting  for  mechanical 
testing  (mdudmg  machining  and  testing  costs),  and  the  need 
to  qualify  every  single  casting  in  cnucal  applications,  efforts 
have  been  made  to  estimate  casting  properties  using  grain 


M te  or  DAS  controls  (Chapter  5  1.3 11)  together  with 
Integraf  cast  coupons 

Specificat.on  AMS  4241  exists  whereby  the  mechanical 
properties  of  attached  cast  coupons  arc  related  to  the  DAS 
ratio  of  coupons  from  a  specific  casting  are3,  to  estimate 
properties  of  a  specific  D3S7  casting  area.  In  this  manna, 
individual  castings  and  parts  of  castings  may  be 
mechanically  qualified  by  mcasunng local  surface  DAS  and 
knowing  the  properties  and  DAS  of  attached  coupons 

It  is  important  that  test  specimen  designs  be  uniform 
throughout  the  industry.  Applicable  specifications  covering 
mechanical  testing  of  static  properties  are  as  follows 

ASTMB557  Ten«le  Testing 
BSI4A4  Test  Methods  -  UK. 

BS 18  Tensile  Testing—  UK. 

ASTM  E8-82  Tensile  Testing -US 
LN  29512  TensdeTesting- Germany 
DIM  50125  TensdeTesting-  Germany 

Nonce 

Due  to  the  generally  thin  sections  of  aluminium  investment 
castings,  test  bars  are  substandard  in  size. 

When  comparing  mechanical  properties  determined  from 
substandard  bars,  gauge  length,  testing  speed,  and  test  bar 
geometry  should  be  stated. 

Test  parameters  will  vary  (and  hence  results)  from  one 
country  to  another 

5.1.3,11  MetaUograpJucIinesi’gaiions/PAS 
On  the  basis  of  the  micrograph,  it  is  possible  to  make  a 
statement  on  the  mechanical  values  using  the  DAS  method 
(ZAmdntc  /Urn  Spacing).  An  additional  non-destructiw 
quality  assessment  can  thus  be  made  at  any  part  of  the 
casting. 

The  surface  microstructure  shall  be  evaluated  as  an  added 
means  of  quality  assurance  only.  Castings  which  exhib’t  an 
unacceptable  microstnicturc  shall  be  held  for  disposition  by 
the  cognizant  engineering  procurement  personnel. 

The  micrtwtructurc  of  the  casting  surface  in  the  designated 
areas  of  the  casting  shah  not  exceed  the  maximum  size 
coarseness  dcicrmmcd  in  accordance  with  specification 
AMS*424I.This  specification, along  with  AMS/ARP  1947, 
establishes  a  non-dot  ructive  test  procedure  to  evaluate  the 
Dcndnte  Arm  Spacing  (DAS)  of  A357  alumin.um  castings. 

AMS/ARP  1947  'Determination  and  Acceptance  of 
Dendrite  Arm  Spacing  in  Aluminium  Castings.* 

a)  Microstructure  acceptance  enteria  determination 
TVo  integrally  attached  coupons  shall  be  esaluated  which 
represent  a  significant  difference  in  DAS  The  DAS  and 
ultimate  tensile  strength  (UTS)  of  each  coupon  shall  be 
determined.  The  maximum  DAS  acceptable  shall  be 
determined  in  the  following  manner 


DAS, 


DAS,  -  DAS, 
UTS, -UTS, 


(irrs,— UTSi)+ das, 


Where 


DAS.,,  •*  maximum  size  DAS  acceptable  to  meet 
minimum  tensile  properties  (I  X  Id’4  inches) 

UTS,  -  Ultimate  tensile  strength  of  coupon  with 
smallest  DAS  (Ksi) 


UTS2  —  Ultimate  tensile  strength  of  Coupon  with  largest 
DAS(Ksi) 

ITTSj  —  Ultimate  tensile  strength  minimum  required 
(Ksi) 

DAS,  —  Size  of  DAS  of  coupon  with  smallest  structure 
(i  X  I(T4  inches) 

DAS.  —  Size  of  DAS  of  coupon  with  largest  structure  (1 
X  I0*4  inches) 

b)  Qzsnng  examination  for  acceptance 

The  DAS  shall  be  determined  on  the  casting  surface  at  each 
test  location  shown  on  the  casting  drawing.  When  test 
locations  are  not  shown  on  the  casting  drawing,  areas 
selected  for  the  excision  of  tensile  coupons  shall  be  used 
The  DAS  in  all  test  locations  shall  be  equal  or  less  than  the 
maximum  acceptable  size  determined  m  a). 

c)  DAS  test  procedure 

Test  locations  shall  be  prepdished  Prepolishmg  shall  be 
sufficient  to  produce  an  outline  of  the  secondary  arm 
structure  after  etching.  Material  removal  dunng  polishing 
shall  not  exceed  000$  inch  thickness.  Prepolished  test 
locations  shall  be  electro-polished  and  electro-etched. 

Ihe  microstructures  of  electro-etched  locations  shall  be 
transferred  to  a  replica  plate  provided  in  the  Transcopy  kit, 
following  the  procedure  described  in  the  suppliers 
literature  Any  other  method  of  microstructure  replication, 
such  as  replicating  tape,  shall  be  approved  by  the  contractor. 

The  replica  plates  shall  be  individually  identified  by  test 
location  and  placed  within  3n  enevelopc  which  identifies  the 
test  casting  represented  by  the  replicas  Microstructure  shall 
clearly  distinguish  the  secondary  arm  spacing  from  the 
casting  surface.  Improper  polishing,  underselling,  or 
ovcretching  can  produce  a  misleading  microstructure. 

If  the  microstructure  is  improperly  polished,  undcretchcd. 
or  ovcrctchcd,  the  test  location  shall  be  repolishcd  very 
lightly  using  400  to  600  gnt  paper,  rc-clcctro-pohshcd  and 
re-clcc  tro-etched.  The  current  density  and  etching  time  shall 
be  established.  Under-etched  locations  shall  not  be  re- 
elcctro-etched  without  repohshing,Thc  test  easting  shall  be 
rinsed  in  running  w? ter  to  remove  the  etching  solution  after 
the  examination  has  been  completed. 

A  photographic  reproduction  shall  be  made  at  a 
magni  ficauon  of  1 00X  in  the  area  w  hich  most  clearly  defines 
the  general  microstnicture.  Areas  selected  for  evaluation 
shall  be  identified  either  directly  on  the  photograph  or  on  a 
copy  of  the  photograph. 

Either  of  two  methods  of  microstructure  evaluation  arc 
acceptable;  however,  the  measurement  of  clearly  defined 
secondary  dendrite  arm  spacing  (DAS)  is  preferred.  When 
this  is  not  possible,  the  alternate  procedure  of  measuring  the 
dntance  between  silicon  panicles  located  in  a  random 
manner  along  a  single  line  Shall  be  used.  The  measurement 
of  DAS  is  possible  if  the  microstructure  of  Table  5.2  is 
obtained;  however,  if  the  microstructure  of  Table  5.3  is 
obtained,  then  the  alternate  procedure  is  necessary.  All 
measurements  used  in  the  evaluation  of  a  casting  for 
acceptability  shall  be  made  by  the  same  method 

Preferred  Measurement  Method;  Extend  a  straight  line 
across  an  area  of  well  defined  structure  such  as  is  illustrated 
in  Table  5 .2,  The  line  is  drawn  perpendicular  to  the  growth 
direction  of  the  secondary  arms.  The  average  distance 
between  intercepts  of  silicon  particles  along  the  line  shall  be 


used  to  define  the  DAS  of  the  structure  By  measuring  the 
total  length  of  drawn  line  and  counting  the  number  of 
interceptions,  the  average  DAS  value  can  be  determined  m 
the  following  manner 

DAS.  inches.  Kmj*,  oUnterceptions  ^ X  Magnification 

At  least  two  areas  of  the  microstnicture  shall  be  evaluated 
The  average  value  of  the  two  areas  shall  be  referred  to  as  the 
DAS  of  that  test  site. 


Alternative  Measurement  Method  —  Thus  alternate 
procedure  consists  of  drawing  a  straight  hne  of  known 
length  across  the  microstructure  and  counting  the  number  of 
times  the  line  is  intercepted  by  silicon  panicles  (see  Table 
S3).  The  average  distance  between  silicon  particles  is  then 
used  to  quantify  the  structure.  Particle  Intercept  Distance 
(P1D)  is  determined  by  the  following. 


PID  mcfico.  **"****  °Un!crt*m  tine  (inches) 
Number  of  Interceptions 


X 


1 

Magnification 


At  least  two  lines  shall  be  drawn  which  vary  in  their 
orientation  to  each  other  as  much  as  practical.  The  average 
PID  of  the  two  lines  shall  be  reported 

d)  Test  reports 

The  test  results  shall  be  itemized  as  average  values  from  each 
sue  on  the  casting  or  integrally  attached  test  coupon.  A 
photograph  or  copy  of  the  photograph  of  the  microstnicture 
at  each  test  site  shall  be  reported  which  dearly  delineates  the 
lines  drawn  for  microstnicture  measurements. 


The  test  laboratory  shall  maintain  on  file  for  a  minimum 
period  of  90  days  the  replica  plate  or  tape  used  in  the 
evaluation 


51.3.12  Component  Tests 

Specific  tests  (such  as  component  tests,  leak  tests)  will  be 
necessary  on  account  of  the  operational  spectrum  These 
tests  have  to  be  required  by  the  customer.  They  can  be  done 
by  the  foundry  or  the  buyer.  Normally  static  tests  arc 
required  but  sometimes  also  dynamic  component  tests  with 
defined  loads  are  applied. 

Heat  treated  castings  used  in  vacuum,  compressed  air  or 
liquid  fuel  applications  are  often  pressure  tested  to 
determine  soundness  and  integnty  of  critical  sections 
Fixtures  usually  constmctcd  by  the  foundry,  enable  the 
casting  to  be  pressunzed  with  vanous  fluids  to  determine 
leak  ratcor  local  defects-lmpregnation  of  aluminium  alloys 
is  commonplace,  particularly  microporous  KOI  castings, 
either  to  repair  particular  defects  or  in  general  to  add  a 
measure  ofsecunty  in  critical  applications. 

Common  leak  detection  methods  include; 

A)  Pressurization  with  helium  gas  (having  smaller 
mdecules  than  air)  and  electronic  leak  detection. 

B)  Pressurization  with  air  while  castings  arc  immersed 
under  water.  Leaks  arc  thus  detected  visually  and  this 
comprises  the  most  popular  and  cost  effective  method 
of  pressure  testing. 

C)  Pressunzation  with  water  or  oil  media  using  a 
hydraulic  pump.  This  method  is  usualfy  employed  as 
an  integnty  test  for  castings  employing  high  pressures. 

Normally,  the  pressure  test  shall  be  carried  out  after 
completion  of  finish-machining  of  the  relevant  component. 
In  addition,  the  components  must  have  been  cleaned  and 
degreased  internally  and  externally. 


uo 


Table  5,2 
DAS  MicrosSnxture 


Table  53 

DAS  Microstructwe 


For  specific  testing  deauls,  specifications  written  by  the  user 
should  be  established  with  consultation  from  the  foundry. 

Sample  Specifications: 

MTU  WA900  Pressure  testing  of  Castings  (MTUMirnich, 
Germany) 

MII.-STD-276  Impregnation  of  Aluminium  Castings 

5.14  Quality  Assurance  atthe  Buyer's 
The  buyer  performs  not  only  qualification  tests  but  also 
senes  tests  (e.g.  visual  inspections,  dimensional  checks,  dye 
penetrant  and  X-ray  tests,  nietallographic  photos  and 
component  tests), The  type  and  scope  of  such  tests  depends 
on  the  task  of  the  component  and  the  mechanical 
requirements  to  be  fulfilled  by  the  casting  Normally  the  tests 
are  done  by  the  foundry  by  approved  personnel  and  the 
buyer  makes  spot  checks  only.  But  this  depends  on  the 
quality  of  the  foundry,  the  type  of  the  casting  and  the 
confidence  between  .mdrVand  customer. 

5.1.5  Classification  of  Castings/Casting-Factor 
The  following  specifications  from  a  part  of  this  handbook. 

MIL*C*602I  Castings,  Classification  and  Inspection  of 
MlL-A-8860  Airplane  Strength  and  Rigidity,  General 
Specification  for 

MIL-A-21180  Aluminium  Alloy  Castings,  High  Strength 
5. 1 .5. 1  '  Classification  of  Castings 
Castings  shall  be  classified  by  classes  and  inspected  in 
accordance  with  MILO602I.  Aluminium  castings  in 
structural  applications  shall  conform  to  specified 
requirements.  Allowable  properties  based  on  static  and 
fatigue  test  dat3  other  than  data  from  MIL-Spcofic3tions 
may  be  used  subject  to  acceptance  by  the  procunng  **  '^ty« 

According  to  MIL-06021  there  arc  four  classes.  These 
classes  should  not  be  confused  with  the  four  casting  strength 
classifications  (class  1,2.  II.  12)  listed  mMlL-S-21180 
Class  U 

A  casting,  the  single  failure  of  which  would  cause  significant 
danger  to  operating  personnel  or  would  result  in  a 
significant  operational  penalty.  In  the  case  of  missiles, 
aircraft  and  other  vehicles;  this  includes  loss  of  major 
components,  loss  of  control,  unintentional  release  or 
inability  to  release  armament  stores,  or  failure  of  weapon 
installation  components. 

Class  £ 

A  casting  not  included  in  Class  1. 

Class  X 

Castings  having  a  margin  of  safety  of  20C, 

Class  J; 

Castings  having  a  margin  of  safety  greater  than  200  percent, 
or  for  which  no  stress  analysis  is  required.  AU  target  drone 
castings  and  aerospace  ground  support  equipment  fall  in  to 
this  category,  except  for  such  critical  parts,  the  fadurc  of 
which  would  nuke  the  equipment  unsatisfactory  and  cause 
the  vehicles  which  they  arc  intended  to  support,  to  be  in* 
operable. 

From  the  point  of  view  of  economy,  it  is  extremely  important 
also  to  divide  the  casting  into  critical  and  non -critical  zones. 
This  applies  to ,  mechanical  and  geometrical  areas. 
Mechanically  cntk*l  areas  arc  zones  subjected  to  very  high 
static  loads  (areas  with  maximum  bending  moments  or 


141 

concentrated  load  introduction),  other  areas  arc  classified 
as  non-cntical.  This  means  that  by  special  measures  such  as 
the  provision  of  cooling  elements  or  gating  systems,  the 
foundry  can  produce  the  critical  areas  with  a  particularly 
fine  texture  and  thus  achieve  high  strength  values  in  these 
areas. 

Geometrically  critical  areas  are  zones  in  which  the  foundry 
has  to  observe  certain  closer  tolerances  and  dimensions. 

The  contractor's  design  activity  shall  establish  the  class  by 
critical  areas  and  stress  levels  for  each  casting  design  The 
classification^)  and  cntical  areafs)  shall  be  indicated  on  the 
applicable  drawing, 

5.1.5.2  Casting‘Factor 

At  present,  many  certification  authonties  still  require  the 
use  of  a  casting  factor  in  computations  prior  to  introduction 
of  a  casting  in  the  aircraft  structure.  The  following 
requirements  relate  to  civilian  aircraft. 

Cntical  Castings' 

According  to  FAR  Part  25,  for  each  casting  whose  failure 
would  preclude  continued  safe  flight  and  landing  of  the 
airplane  or  result  in  senous  injury  to  occupants,  the 
following  apply 

1.  Each  cntical  casting  must 

a)  Have  a  casting  factor  of  not  less  than  1 25;  and 

b)  Receive  100  percent  inspection  by  visual, 
radiographic,  and  magnetic  particle  or  penetrant 
inspection  methods  or  approved  equivalent 
nondestructive  inspection  methods. 

2.  For  each  critical  casting  with  a  casting  factor  less  than 
liO,  three  sample  castings  must  be  static  tested  and 
shown  to  meet 

a)  Defined  strength  requirements  corresponding  to 
a  casting  factor  ol  1 25;  and 

b)  Deformation  requirements  at  a  load  of  1 15  times 
the  limit  load. 

3.  Examples  of  these  eastings  arc  structural  attachment 
fittings,  parts  of  flight  control  systems,  control  surface 
hinges  and  balance  weight  attachments,  seat,  berth, 
safety  belt,  and  fuel  and  oil  tank  supports  and 
attachments,  and  cabin  pressure  valves. 

Noncrukol  Castings : 

For  each  casting  other  than  those  specified  above  the 
followingapply: 

I.  Except  as  provided  in  subparagraphs  2  and  3  of 
this  paragraph,  the  casting  factors  and 
corresponding  inspections  must  meet  the 
following  table: 


Z.O  ©r  mot* 

tea  r*tc»at  vt>««i. 

lot  Uu  }.0  tut 
Mn  tlt»  1.S 

190  ptrcol  YltMl,  U4  HlHtlO 
Mm«tt  or  p«Mtrm  or  »t«lvi* 
im  »0A4«stnKUv«  intpoctlon 
MlMi. 

U)  Urou?h  t.S© 

100  p«rc«nt  vltMl,  MMtifl  ptr- 
tlelo  or  ptKttmti  ano  r*Jiefr»* 
(Ale,  or  spprovol  Mo{v«l«ns  *©»• 
d««trvctlvo  imp«ctlo«  HUtcdi. 

2.  The  percentage  of  castings  inspected  by 
nonmual  method*  may  be  reduced  below  that 
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Specified  in  sub-paragraph  1.  of  this  paragraph 
when  an  approved  quality  control  procedure  is 
established 

3  For  castings  procured  to  a  specification  that 
guarantees  the  mechanical  properties  of  the 
material  in  the  casting  and  provides  for 
demonstration  of  these  properties  by  test  of 
coupons  cut  from  the  castings  on  a  sampling  basis 

a)  A  casting  factor  of  1 0  may  be  used,  and 

b)  The  castings  must  be  inspected  as  provided 
in  subparagraph  I  of  this. paragraph  for 
casting  factors  of  “1 25  through  1.50"  and 
tested  according  to  critical  castings  of  this 
section 

Recent  developments  on  the  aluminium  castings  sector  (in 
response  to  the  requirements  of  the  aerospace  industry)  and 
the  consistent  application  of  specific  quality  assurance 
measures  have  made  >t  possible  to  manufacture 
reproducible  aluminium  castings.  An  essential  prerequisite 
for  reducing  or  eliminating  the  casting  factor  in  the  near 
future  has  therefore  been  established  (see  also  chapter  6). 

5.2  CORROSION  BEHAVIOUR 
The  following  sections  were  principally  extracted  from  the 
AGARD  CORROSION  HANDBOOK.  VOLUME  1. 
AIRCRAFT  CORROSION,  CAUSES  AND  CASE 
HISTORIES  (AGARDOGRAPH  NO  278) 

5.2.1  General 

Some  aircraft  structures  experience  severe  environmental 
conditions  in  service.  The  loads  developed  in  flight  and 
dunng  ground  manoeuvres  arc  generally  hlghl  and  in  the 
interest  of  achieving  low  overall  weight,  structu  ral  materials 
arc  selected  that  have  high  strength,  high  stiffness,  and  low 
specific  gravity.  High  strength  materials,  including  castings, 
allovy  excess  weight  to  be  Kept  to  a  minimum.  However, 
other  properties,  such  as  the  ability  of  the  materials  to  resist 
corrosive  attack  arc  also  important.  Unfortunately  low 
weight  and  high  strength  in  aircraft  structures  and  materials 
may  not  always  be  compatible  with  high  resistance  to 
corrosion,  and  therefore  trade-offs  may  need  to  be  made.  By 
proper  attention  to  corrosion  at  the  design  stage  and  in 
assembly,  and  by  careful  inspection  and  early  repair  of 
corrosion  damage  and  protective  systems,  it  is  generally 
agreed  that  corrosion  effects  on  aircraft  can  be  mini  mired.  It 
should  be  pointed  out  that  castings  experience  corrosion  in 
the  same  manner  as  wrought  metals.  The  only  differences 
could  be  microvtructural  with  castings  exhibiting  more 
porosity  and  microsegregation  as  compared  with  wrought 
structures. 

Corrosion  is  the  destructive  attack  of  a  metal,  elemental  or 
alloy,  by  chemical  or  electrochemical  reaction^)  with  its 
environment.  No  two  metals  rcau  identically  in  a  given 
environment.  Several  factors  are  basic  in  determining  the 
amount  and  type  of  corrosion.  Micro-constituent 
composition,  location,  quantity,  continuity  and  electrical 
potential  relative  to  the  base  metal  arc  all  important  The 
AGARD  Corrosion  Handbook,  Volume  1. 
(AGARDograph  No.278)  provides  an  excellent  description 
of  the  operating  environment,  corrosion  theory,  common 
aircraft  alloys  andtheir  concision  behaviour,  inspection  for 
corrosion,  corrosion  prevention  and  control  procedures 
and  a  detailed  description  of  the  vanous  types  of  corrosion. 
It  is  recommended  that  the  above  document  be  used  as  a 


reference  for  detailed  information  on  aircraft  corrosion  The 
following  js  a  brief  desCnption  of  the  types  of  corrosion. 

There  are  eight  major  types  of  corrosion  processes  which 
will  be  briefly  discussed.  They  3re 

1 .  General  Corrosion 

2.  Galvanic  Corrosion 

3.  Pitting  Corrosion 

4.  Intergranular  Corrosion 

5.  Fretting  Corrosion 

6.  Hydrogen  Embrittlement 

7.  Stress  Cot .  Vion  Cracking 

8.  Corrosion  Fatigue 

5  2  11  General  or  Uniform  Corrosion 
Corrosion  of  metals  by  uniform  chemical  attack  is  the 
si  mplest  and  most  common  form  of  corrosion.  Corrosion  of 
aircraft  structures  can  occur  under  normal  service 
conditions  and  particularly  in  areas  where  water  is  apt  to 
collect  This  type  of  detenoraiion  is  characterized  by 
uniform  corrosion  over  the  entire  su  rface  of  the  metal  and  is 
caused  by. numerous  and  closely  packed  anodes  and 
cathodes  of  the  electrolytic  cell  on  the  surface  of  a  single 
piece  of  metal.  Therefore,  uniform  corrosion  can  be 
considered  aS  localized  electrolytic  attack  occurring 
consistently  and  evenly  over  ihecnnrcsurface. 

Uniform  corrosion  generally  affects  large  surface  areas  and. 
provided  the  corrosion  prone  area  is  accessible  for  visual 
inspection,  it  can  usually  be  detected  fairly  early  and 
remedial  action  taken.  Uniform  corrosion  occurring  in 
sealed  interior  areas  or  other  visually  non-inspcctable  areas 
can  lead  to  senous  damage  unless  special  non-destructive 
inspection  methods  such  as  x-radiography  and  ultrasonic 
inspection  arc  used  for  early  detection  followed  by 
corrective  maintenance.  However,  in  some  cases,  a  small 
amount  of  uniform  corrosion  will  pawivatc  and  protect  the 
metal  from  further  attack.This  is  true  with  aluminium  and  it 
is  primanly  a  property  of  the  specific  metal. 

5.2. 1.2  Gah-anic  Corrosion 

Galvanic  corrosion  occurs  when  metals  of  different 
electrochemical  potential  arc  in  contact  in  a  corrosive 
medium.  The  less  noble  metal  will  form  the  anode  of  the 
electrolytic  cell  and  will  be  corroded  while  the  more  noble 
metal  will  act  as  the  cathode  and  will  remain  largely 
unaffected.  The  resulting  damage  to  the  anodic  metal  will  be 
more  severe  than  if  the  same  metal  were  exposed  to  the 
corrosive  environment  without  the  presence  of.  and  contact 
with  the  cathodic  metal.  Galvanic  corrosion  can  often  be 
discerned  from  other  forms  of  corrosion  because  the 
corrosive  attack  is  usually  more  severe  at  the  interface 
between  two  dissimilar  metals. 

Based  on  experiences  in  corrosion  testing  and  a  knowledge 
of  the  galvanic  behaviour  of  metals  and  alloys,  the  tendency 
of  metals  and  alloys  to  form  galvanic  cells  and  the  prediction 
of  the  piobablc  direction  of  the  galvanic  effect  can  be 
determined.  The  galvanic  series  takes  into  consideration  all 
of  the  specific  aspects  of  the  reaction  such  as  the  condition 
of  the  materials  anJ  the  rpccific  environment.  This  can  be 
determined  by  measuring  the  electric  potential  difference 
between  the  two  materials  in  the  emironmeni  of  interest, 
Some  care  must  be  taken  when  using  the  galvanic  scries  to 
assess  the  galvanic  corrosion  potential  of  dissimilar  metals, 
since  some  metals  may  occupy  different  positions  in  the 
senes  depending  on  (heir  state  and  surface  condition.  This  is 
most  commonly  observed  with  metals  Mich  as  stainless  steels 
which  can  exist  in  cither  a  passive  state  or  active  state.  In  the 
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passive  state,  most  stainless  steels  will/ occupy  positions 
toward  the  noble  end  of  the  galvanic  senes,  while  in  the 
active  state  they  will  behave  more  anodically  This  behaviour 
is  bdic  ved  to  be  due  to  the  state  of  the  protective  oxide  films 
which  tend  to  form  on  stainless  steels  due  to  the  uniform 
corrosion  process.  This  film  is  believed  to  passivate  the 
surface  and  resist  further  corrosive  attack.  When  the  oxide 
film  is  intact  and  effective  as  a  protective  covexing,  the  metal 
behaves  cathodically,  whereas  a  damaged  film  leaves  the 
metal  unprotected  and  it  therefore  tends  to  behave 
anodically. 

5.2.1.3  Pitting  Corrosion 

Pitting  corrosion  is  a  localized  type  of  attack  which  leads  to 
the  formation  of  deep  and  narrow  cavities-  All  engineering 
metals  and,  alloys  are  susceptible,  and  the  conditions  leading 
to  pitting  vary  from  metal  to  metal,  depending  in  part  on 
whether  the  metal  Is  normally  active  or  passive.  Excessive 
porosity  of  a  poor  castmg  could  serve  as  preferential  sites  for 
pitting. 

For  active  metals,  uniform  exposure  of  a  large  surface  to  a 
corrosive  medium  would  tend  to  cause  uniform  corrosion 
Pitting  of  an  active  metal  will  occur  as  a  result  of  local 
wetting,  or  defects  in  a  protective  coating  which  allow  very 
localized  exposure.  In  passive  metals  such  as  stainless  steels 
and  aluminium  alloys,  which  form  natu  rally  protective  oxide 
films,  pitting  occurs  as  a  result  of  localized  damage  to  the 
protective  film.  However,  whether  the  metal  is  active  or 
passive,  pitting  involves  the  formation  of  small  areas  which 
are  anodic  with  respect  to  the  rest  of  the  surface,  and  which 
therefore  suffer  severe  corrosive  attack  in  the  presence  of  an 
electrolyte. 

In  aircraft  structures,  pitting  may  occur  in  many  areas,  but 
areas  subject  to  local  contamination  by  highly  corrosive 
media,  such  as  battery  compartments,  toilet,  and  galley 
areas,  are  prime  sites.  Pitting  corrosion  is  particularly 
common  in  aircraft  structures  operating  in  marine 
environments  since  the  chloride  ions  promote  the  local 
dissolution  of  protective  oxide  films.  Pitting  in  passive 
metals  is  uncommon  in  solutions  which  do  not  contain 
halide  ions,  since  the  oxide  films  would  tend  to  be  stable  and 
remain  protective. 

Pitting  corrosion  is  one  of  the  most  insidious  forms  of 
corrosion  because  the  pits  arc  often  very  small  and  difficult 
to  see  with  the  naked  eye.  particularly  if  they  arc  hidden  by 
general  corrosion  products  or  coatings, The  electrochemical 
conditions  at  the  base  of  a  pit  can  be  such  that  other  forms  of 
corrosion,  such  as  intergranular  attack  will  occur,  leading  to 
widespread  subsurface  damage.  In  highly  loaded  structures 
the  stress  concentration  at  the  base  of  a  pit  can  be  sufficient 
to  cause  fatigue  or  stress  corrosion  cracking  to  occur, 

5.2.1. 4  Intergranular  Corrosion 

Intergranular  corrosion  is  a  highly  localized  form  of 
dissolution  which  affects  the  gram  boundary  regions  m  a 
poJycrysulbne  metal.  The  corrosive  attack  can  produce  a 
netwotk  of  corrosion  or  cracking  on  the  metal  surface 
around  these  boundary  areas, occasionally  divlodpngwhole 
grams,  or  it  may  penetrate  deeply  into  the  metal  leaving 
behind  very  little  visible  evidence  of  the  damage.  This  form 
of  corrosion  is  particularly  troublesome  to  cast  n.*tal!ic 
structures. 

In  intergranular  corrosion  the  materials  in  the  gram 
boundary  areas  behave  anodically  with  respect  to  the  bulk  of 
the  metal  in  the  grain  interiors.  In  corrosive  environments, 
dissolution  of  the  anodic  gram  boundaries  usually  occurs  at 


a  very  rapid  rate. The  small  area  of  the  anode  with  respect  to 
the  cathode  area  is  an  important  factor,  influencing  the 
corrosion  rate.  The  anodic  natu  rc  of  the  gram  boundary  may 
be  due  to  the  local  segregation  of  jmpunties,  or  either  the 
enrichment  or  depletion  of  the  gram  boundary  m  alloying 
elements.  These  effects  may  be  associated  with  the 
precipitation  of  gram  boundary  phases,  which  may 
themselves  behave  anodically  with  respect  to  the  adjacent 
alloy  Castings  that  have  not  undergone  equilibrium  cooling 
dunng  solidification  can  have  a  cored  microstructure  with 
microsegregation  of  alloying  elements  at  or  near  the  grain 
boundaries  thereby  causing  susceptibility  to  intcrgrannular 
corrosion, 

5.2.I.5  Fretting  Corrosion 

Fretting  is  a  form  of  wear  which  occurs  between  contacting 
surfaces  which  are  undergoing  vibratory  motion  involving 
relative  displacements,  or  slip  of  small  amplitude.  The 
degradation  of  the  nibbing  surfaces  usually  involves  a 
combination  of  wear  and  a  corrosion  reaction,  and  therefore 
the  terms  of  fretting  corrosion  or  wear  oxidation  are 
frequently  used  It  usually  gives  rise  to  the  formation  of  pits 
or  grooves  tn  the  metal  surrounded  by  corrosion  products. 
In  the  classic  case,  fretting  occurs  between  parts  which  are 
intended  to  be  fixed  by  some  form  of  mechanical  fastener, 
but  where  vibratory  stresses  cause  loosening  of  the  fastener 
system  to  allow  small  cyclic  displacements  to  occur  between 
the  two  contacting  faces.  However,  exceptions  occur,  for 
example  between  ball  bearings  and  their  races,  or  between 
mating  surfaces  m  oscillating  bearings  and  flexible 
couplings.  The  basic  requirements  for  fretting  corrosion  are 
th3t  there  is  repeated  relative  morion  between  the  surfaces, 
thatthc  $u  rfaccs  arc  underload  and  that  the  load  is  sufficient 
to  cause  slip  or  plastic  deformation  on  the  surfaces  The 
fretting  action  will  be  more  severe,  the  more  aggressive  the 
corrosion  environment. 

The  mechanisms  of  fretting  corrosion  are  not  completely 
understood,  however  they  arc  generally  thought  to  include 
either  mechanical  wear  followed  by  oxidation  of  metallic 
wear  debns,  or  mechanical  rupture  and  loss  of  naturally 
occurring  oxide  films  followed  by  re-oxidation  of  the 
exposed  bare  metal.  In  either  case,  the  damage  occurs 
locally  at  high  points  on  the  contacting  surfaces.  If  the 
fretting  couple  consists  of  dissimilar  metals,  the  softer  metal 
will  deform  the  greatest  amount,  so  that  the  oxide  film  on  the 
softer  metal  will  be  disrupted,  but  that  on  the  harder  metal 
will  remain  intact  The  softer  metal  will  therefore  tend  to 
suffer  the  greatest  damage  due  to  fretting  corrosion.  This 
concentration  of  damage  will  also  tend  to  increase  if  the 
softer  metal  is  the  more  electromcchanically  active  metal  in 
the  couple. 

Fretting  damage  is  particularly  serious  since  it  can  lead  to 
unexpected  fatigue  failures.  Under  fretting  conditions 
fatigue  regions  depend  mainly  on  the  state  of  stress  in  the 
surface  and  particularly  on  the  stresses  supenmposed  on  the 
cyclic  stresses.  The  direction  of  growth  of  the  fatigue  cracks 
is  associated  with  the  direction  of  contact  stresses  and  takes 
place  in  a  direction  pcrpcnd»cu!ar  to  the  maximum  principal 
stress  in  the  fretting  area. 

5.2.1  6  Hydrogen  Embrittlement 
A  great  deal  of  information  has  been  collected  in  recent 
years  to  demonstrate  that  environmentally  induced  failure 
processes  may  often  be  the  result  of  hydrogen  damage. 
Atomic  hydrogen  is  a  cathodic  product  of  many 
electrochemical  reactions,  forming  dunng  many  naturally 
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occurring  corrosion  reactions  as  well  as  during  many  plating 
or  pickling  processes  Whether  hydrogen  is  liberated  as  3 
gas,  or  atomic  hydrogen  is  absorbed  by  the  metal  depends 
on  the  su  rface  Chemistry  of  the  metal. 

Due  to  its  small  sire  and  mass,  atomic  hydrogen  has  scry 
high  diffusivny  in  most  metals.  It  will  therefore  penetrate 
most  clean  metal  surfaces  quite,  easily  and  will  migrate 
rapidly  from  favourable  sites  where  it  may  remain  in 
solution,  precipitate  as  molecular  hydrogen  to  form  small 
pressurized  cavities,  cracks,  or  large  blisters,  or  it  may  react 
with  the  base  metal  or  with  alloying  elements  to  form 
hydrides. 

The  accumulation  of  hydrogen  in  high  strength  alloys  often 
leads  to  cracking,  and  this  often  occurs  in  statically  loaded 
components  several  hours  or  even  day's  after  the  initial 
application  of  the  load  or  exposure  to  the  source  of 
hydrogen.  Cracking  of  this  type  is  often  referred  to  a$ 
hydrogen-stress  cracking,  hydrogen  delayed  cracking,  or 
hydrogen  induced  cracking  Similar  fracture  processes  can 
occur  in  new/  and  unused  pans  wheq  heat  treatments  or 
machining  treatments  have  left  residual  stresses  in  the  pans, 
and  have  been  exposed  to  a  source  of  hydrogen.  For  this 
reason,  all  processes  such  as  pickling  or  electroplating  must 
be  carried  out  under  well-controlled  conditions  to  minimize 
the  amount  of  hydrogen  generated. 

5  2  1.7  Stress  Corrosion  Cf acting 
Alloys  arc  often  selected  because  they  arc  known  to  be 
resistant  to  corrosion  m  a  particular  operating  environment 
However.  experience  has  shown  that  components  may  still 
fail  by  a  process  involving  the  corrosion  induced  initiation 
and  growth  of  cracks  when  a  tensile  stress  exists  above  seme 
critical  level  m  the  su  rface  of  (he  p3rf.  When  the  mechanisms 
of  crack  growth  involve  the  synergistic  action  of  the 
corrosive  environment  and  the  sustained  stress  acting  at  an 
exposed  surface,  the  failure  mode  is  known  as  Stress 
Corrosion  Cracking  (SCO),  This  mode  of  failure  has  been 
called  sustained  load  environmental  cracking  ami  is 
dependent  on  the  simultaneous  occurrence  of  three  distinct 
conditions; 

I  The  existence  of  a  surface  tensile  stress  of  a  sufficient 
magnitude  in  the  part  concerned. 

2, The  presence  of  an  aggressive  environment  with  access  to 
the  Surface  of  the  part 

3.  A  material  which  is  susceptible  to  localized  corrosion 
along  specific  paths  w  hich  may  or  may  not  link  up. 

II  any  one  of  these  factors  is  absent,  the  stress  corrosion 
phenomenon  will  not  develop. 

Stress  corrosion  is  a  localized  form  of  corrosion  which  is 
particularly  insidious  since  it  will  often  occur  with  little  or  no 
visual  evidence  of  su  rface  corrosion,  such  as  discolou  ration 
or  the  build  up  of  noticeable  corrosion  products.  Stress 
corrosion  crads  can  travel  over  long  distances  with  time, 
and  as  they  propagate,  they  lower  the  residual  strength  of  the 
affected  part  The  crads  may  propagate  deeply  into  thid 
section  parts,  while  the  visible  surface  crad  length  may 
often  be  quite  small. 

Once  the  stress  corrosion  crad  has  formed,  it  will  continue 
to  grow,  stopping  only  when  the  tensile  stress  hat  fallen 
below  the  critical  value,  or  when  the  corrosive  environment 
is  excluded.  The  crack  may  permanently  arrest  if  tensile 
residual  stresses  are  relaxed  by  the  initial  crad  advance.  If 
the  stresses  arc  due  to  assembly  forces,  such  as  from 


interference  fit' bushings  or  fasteners,  or  are  a  result  of 
service  operations,  the  crads  may  continue  to  grow  until  the 
component  can  no  longer  sustain  them,  causing  catastrophic 
failure. 

5  2.1.8  Corrosion  Fatigue 

Fadgue  involves  the  initiation  and  growth  of  cracks  m  solids 
•which  are  subjected  to  repeated  cyclic  stresses.  The 
mechanical  loads  involved  are  generally  quite  small,  and  the 
stresses  resulting  from  these  loads  are  usually  Jess  than  the 
yield  strength  of  the  material  Fatigue  crads  usually  initiate 
at  free  surfaces  and  at  stress  concentration  sites  such  as 
abrupt  changes  in  section,  key-ways,  fillet  radii,  fastener 
holes,  or  internal  discontinuities  such  as  inclusions  or 
cavities.  The  total  fadgue  life  of  a  component  may  be 
considered  m  terms  of  (he  number  of  cycles  of  stress 
required  to  cause  crad  initiation,  and  the  number  of  cycles 
retired  to  cause  the  crack  to  grow  to  a  size  where  the 
remaining  load  bearing  cross  sectional  area  can  no  longer 
sustain  the  applied  loads.  Sudden  catastrophic  rupture  of 
ibe  remaining  ligament  then  occurs. 

When  fatigue  occurs  in  the  presence  of  a  corrosive 
environment. failure  usually  occurs  in  a  shorter  time  and  m 
fewer  cycles  than  would  be  the  case  in  a  dry  or  benign 
environment.  This  synergistic  effect  between  fatigue  and 
corrosion  is  known  as  corrosion  fatigue,  and  it  may  involve 
either  a  decrease  in  the  number  of  cycles  to  crack  initiation 
or  an  acceleration  of  fatigue  crack  growth  rates,  or  both.  An 
important  feature  of  corrosion  fatigue  »s  that  mechanical 
damage  and  corrosion  damage  occur  simultaneously  and 
synergistically.  In  many  cases  the  two  modes  of  degradation 
will  occur  successively  or  alternately,  in  which  case  the 
damage  would  not  be  attributed  to  corrosion  fatigue.  This 
might  be  the  case,  for  example,  when  pitting  corrosion 
occurred  first  in  a  metal  componcnt.and  then  fatigue  crack 
propagation  occurred  from  the  base  of  a  corrosion  pit.  The 
fatigue  comnbution  to  hie  failure  process  could  occur  even 
in  the  absence  of  a  corrosive  environment.  The  correct 
description  of  the  failure  process  in  this  case  would  be 
pitting  followed  by  fatigue,  rather  than  corrosion  fatigue. 
However,  while  hypothetical  failure  processes  can  be 
classified  quite  easily,  and  even  failures  produced  under 
laboratory  conditions,  it  is  not  always  easy  to  correctly 
classify  failures  under  service  conditions. 

5.2.I.9.  Slumlords 
The  following  standards  arc  applicable 
A  STM  II 1 17  Salt  Spray  &  SCC  testing 
ASTM  G44  KOI  Corrosion  Behaviour 

AMS  4229  KOI  -T7  Material  Spec. 

AMS  4228  KOI -Tfi  Material  Spec. 

MIL-A-21IS0  K0|  Material  Spec, 

MIH1-6088E  IC  Testing  Procedure  as  related  to  'heat 
treatment  of  aluminium  alloys'* 

5.2.2  Aluminium-alloy  A357 
Aluminium-silicon  alloys  arc  generally  corrosion  resistant. 
Although  magnesium  in  solid  solution  tends  to  make  the 
potential  more  anodic  and  silicon  more  cathodic,  when  both 
arc  in  solid  solution  in  the  ratio  of  Mg2Si,  the  electrode 
potential  U  essentially  the  same  as  the  potential  of 
aluminium.  In  this  manner,  the  strengthening  precipitates  of 
A35?  do  not  promote  intergranular  corrosion  of  the  east 
structure. 

Copper  is  present  in  Al-Si-Mg  alloys  to  increase  strength 
and  fatigue  resistance  of  the  alloy,  without  loss  of  casuWity. 
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The  solid  solubility  of  copper  in  aluminium  (disregarding 
the  effects  of  Mg,  Mn.  Si,  Zn.-Fe  and  Ti)  at  room 
temperature  k  approximately  005%.  Therefore 
theoretically  as  long  as  the  copper  k  <005%  m  A357 
alloys,  the  alloy  should  exhibit  excellent  resistance  to 
intergranular  corrosion- Therefore  keep  Cu  <0  05%  to  get 
good  corrosion  resistance. 

To  sum  up.  from  available  published  data  and  reports,  it  may 
be  concluded  that  A357  has  an  excellent  corrosion 
resistance  for  a  vide  range  of  solidification  conditions  See 
a!  so  Table  5.4. 

52  3  Aluminium-alloy A201 

The  alunJmum  casting  alloy  A201  was  dc\  eloped  to  achieve 
superior  strength  at  room  and  elevated  temperatures.  It  has 
been  used  extensively  in  sand,  permanent  mould  and 
investment  cast  parts  for  a  variety  of  applications.  However 
in  a  few  instances,  there  have  been  reports  of  failures  due  to 
stress  corrosion  cracking,  Although  these  have  been  rare, 
great  concern  has  been  expressed  regarding  the  stress 
corrosion  cracking  (SCO)  susceptibility  of  alloy  A201. 
Alloy  A201  has  a  nominal  composition  of  4  7%  Cu.  0.3% 
Mg  0.28  Mn.  0.25  Ti.  0  01%  Si.  0.01%  Fe.  0  6%  Ag  and 
balance  aluminium  The  high  copper  level  suggests  that 
under  certain  conditions  of  heat  treatment,  stress  corrosion 
could  be  a  problem  There  has  been  much  history  of  stress 
corrosion  cracking  in  high  strength  wrought  aluminium 
alloys  such  as  2024. 

However,  according  to  the  patent  for  A20I  alloy,  the  silver 
addition  is  essential  to  impart  go»nJ  stress  corrosion 
resistance.  Studies  done  by  the  foundry  Cercast  have  shown 
this  to  be  untrue  and  that  under  certain  specific  conditions, 
the  alloy  can  be  sensitized  to  stress  corrosion  cracking 
Ovcraging  reduces  the  susceptibility  to  SCO  However, 
overaging  has  a  deleterious  effect  on  ductility. 

Based  on  the  results  of  the  stress  corrosion  cracking  studies 
conducted  by  laboratories  the  following  conclusions  can  be 
drawn} 

a)  Alloy  A201  castings  properly  heat  treated  to  the  T7 
temper  arc  substantially  immune  to  stress  corrosion 
cracking  the  T4  temper  gives  intermediate 
susceptibility  to  stress  corrosion  cracking,  and  the  T6 
temper  is  highly  susceptible  to  stress  corrosion 
cracking 

b)  Variations  in  the  chill  or  solidification  rate  of  a  casting 
do  not  influence  the  stress  corrosion  cracking 
resistance  of  alloy  A201 . 

c)  Quenching  rate  from  the  solutionizing  temperature 
exercise  considerable  influence  over  the  stress 
corrosion  cracking  resistance  of  A201  alloy  eastings  in 
the  T7  temper.  Slow  cooling  from  the  solutionizing 
temperature  to  room  temperature  produces  severe 
susceptibility  to  stress  corrosion  cracking  This  is  due 
to  formation  of  a  grain  boundary  network  of  anodic 
CuAl;  particles.  Coarse  OiAlj  particles  in  the  matnx 
do  not  appear  to  influence  si  ress  corrosion  resistance. 

Ihe  recommended  practice  for  heat  treating  alloy  A20I  to 
ensure  maximum  resistance  to  stress  corrosion  cracking  is  as 
follows; 

1.  Solutions  at  505‘C  to  528'C  (940  to  980T)  for  2 
hours,  increase  to  528*Cto  532’C  (980  to  990*F)  and 
hold  for  17  hours. 


2.  Quench  in  water  at  66*C  ( 1 50'F)  to  88’C  ( 1 90*F)  and 
hold  for  5  minutes,  then  air  cool  to  room  temperature, 

3.  Ageat  room  temperature  for  12  to  24  hours 

4.  Artificially  age  to  the  T7  temper,  185’C  (365‘F)  to 
I91’C  (375*F)  for  5  hours  and  then  air  cool  to  room 
temperature. 

The  solution  heat  treatment  step  is  critical  m  making  good 
A201  alloy  castings.  Careful  temperature  control  must  be 
maintained  in  order  to  obtain  adequate  dissolution  of 
second  phase  in  the  cast  structure  and  prevent  incipient 
melting  (ie.  burning).  This  is  necessary  to  achieve  good 
mechanical  properties  as  well  as  resistance  to  stress 
corrosion  cracking 

Coatings  recommended  for  alloy  A201  include  those 
produced  by  sulphunc  anodizing  with  a  dichromate  seal,  or 
as  an  alternate,  chemical  conversion  coatings  such  as  those 
produced  by  the  Alodine  1200,  treatment 

Specimens  in  the  -T4  and  -T6  conditions,  with  anodized 
coatings  and  with  chromate  conversion  coatings,  have 
passed  the  30-day.  3'/j%  NaCl  alternate-immersion  test. 
Reportedly,  the  stress-corrosion  cracking  resistance  of 
A201  in  the  -T6  condition  is  not  as  good  as  A357  alloys  but 
is  better  than  the  high  strength  forging  alloys  such  as  7075- 
T6, 7079-T6  and  20I4-T6  forgings. 

In  the  T?  condition  requirements  include  30  days  in 
alternate  immersions  of  3'/j%  sodium  chlondc  with  10 
minute  immersion  and  5  0  minutes  air  under  stress  of  75%  of 
the  yield  strength.  The  stress  corrosion  cracking  resistance 
of  A201  alloy  is  considered  to  be  adequate  in  the  T7 
condition. 

Table  54  shows  the  results  of  intergranular  corrosion 
testing 

5.2.4  Summary:  Al-Alloys  A357  and  A201 

Basically,  alloy  A357  is  relatively  corrosion  resistant  for  a 
wide  variety  of  chemical  and  heat  treatment  variations. 

Alloy  A201  can  be  sensitive  to  corrosion  particularly  SCO, 
and  a  correct  combination  of  selected  alloying  elements  and 
particular  heat  treatment  arc  necessary  to  yield  a 
satisfactory  corrosion  resistance  performance.  Most  A201 
castings  are  also  protected  with  electrochemical  conversion 
coatings  with  special  primers  or  paint  before  being  used  in 
service. 

5.2.5  Titanium-alloy TiAI6V4 

5.2.5.1  Central 

For  the  most  corrosive  environments  such  as  chemical  plant 
and  seawater  equipment,  commerct ally-pure  titanium 
(know  n  as  Cl1)  is  ideal.  1 1$  corrosion  resistance,  especially  in 
oxidizing  acids,  is  far  better  than  any  stainless  steel  or  the 
traditional  nickel-copper  alloys,  and  its  moderate  strength  is 
good  up  to  over  750‘F  (400'C> 

Where  higher  strength  or  erosion  resistance  is  needed.  Ti- 
6A1-4V  (usually  called  6-4  alloy)  is  the  standard  material 
While  still  retaining  good  corrosion  resistance,  its 
mechanical  properties  are  better  than  most  steels,  especially 
when  its  low  weight  is  taken  i  nto  account. The  6-4  alloy  has  a 
useful  temperature  range  that  is  similar  to  that  of  Cl*  and  the 
cost  of  the  castings  is  about  the  same  in  cither  material. 

5.2.5.2  Surface  Treatments 

Anti-corrosive  plating  is  not  required  on  titanium 


Intergranular  Corrosion 

Testing  of  Investment  Cast  A357  and  A201 

(Foundry;  Cercast  INC.) 


components  the  basic  material  is  as  good  in  this  respect 
as  the  platings  (nickel,  copper  and  chrome)  which  arc 
conventionally  applied  to  ferrous  materials  to  resist 
corrosion. 

5.2,5.3  Corrosion  Resistance 

Titanium  is  extremely  corrosion  resistant,  its  alloys  being 
almost  as  good  in  this  respect.  Because  of  these  excellent 
properties  titanium  and  its  alloys  arc  being  increasingly  used 
for  commercial  and  military  engine,  chemical  processing 
and  airframe  applications. 

Its  corrosion  resistance  is  due  to  tho  rapid  formation,  in  air 
or  water.of  a  stable  oxide  film  which  protects  the  base  metal. 

The  data  in  this  section  are  gathered  from  a  variety  of 
sources 

a)  Cabtank  Effects 

Titanium  comes  high  in  the  galvanic  senes  as  shown  in 
TaMe  5.5  and  will  not  suffer  electrolytic  corrosion 
when  used  in  contact  with  other  metals.  However, 
when  designing  an  awembty  involving  titanium  being 
in  contact  with  other  metals,  for  use  in  a  hostile 
environment. consideration  must  be  given  to  the  other 
metals  involved. 

Stainless  steel  parts  should  be  used  in  the  passivated 
condition,  and  steel  bolts,  nuts  and  washers  should 
preferably  be  silver-plated.  Nickel  plating  is  acceptable 
for  uve  in  normal  atmospheric  coodiuons.  Never  use 
zjnc-platcd  parts  in  contact  with  titanium. 


b)  Seawater  En  uronmem 

In  one  test  programme.  73  samples  of  titanium  (22 
pure,  the  rest  various  alloys)  were  immersed  in 
seawater  at  depths  to  6.780  feet  (2067  m)  and  periods 
to  3  years. 

There  was  no  measurable  corrosion  on  any  sample, 
this  being  defined  as  below-  0 1  mils  per  year  (2.5 
microns  per  year) 


5.2. 5.4  Summary 

Titanium  casting  applications  are  wide  spread  in 
commercial  and  military  engine,  chemical  processing  and 
airframe  applications. 

Chemical  processing  applications  take  advantage  of  the 
corrosion  resistance  of  titanium.  For  example  radial 
impellers  arc  used  for  pumping  salt  water  in  a  dcsaJmization 
plant.  Another  similar  application  is  a  targe  inducer  used  in 
the  torpedo  ejection  system  of  a  submarine.  The  resistance 
to  salt  water  corrosion  is  of  pnme  importance  in  this 
application. 

Titanium's  high  resistance  to  erosion  and  corrosion  will 
often  extend  the  life  of  a  component  compared  to  cheaper 
metals,  so  that  its  initial  cost  is  more  than  recovered  in  lowtr 
overhaul  and  replacement  parts  costs  and  less  downtime  for 
the  plant  in  which  it  is  fitted 


Tabte55 

GalvaNAIC  Series  in  Flowing  Seawater  t3  ft/sec  (4  m/sec) 
at  757(24*0) 


METAL 

T  304  Stainless  Steel 
Monel 

Hastelloy  C 
TITANIUM  (unalloyed) 
Silver 

T  410  Stainless  Steel 
Nickel 

T  430  Stainless  Steel 

70-30  Cupro-Nickel 

90-10  Cupro-Nickel 

Admiralty  Brass 

G  Bronze 

Aluminum  Brass 

Copper 

Naval  Brass 

T  410  Stainless  Steel 

T  304  Stainless  Steel 

T  430  Stainless  Steel 

Carbon  Steel 

Cast  Iron 

Aluminum 

Zinc 


(passive) 


(passive) 


(passive) 


(active) 

(active) 

(active) 


POTENTIAL 

VOLT* 

0.08 

0.08 

0.08 

0.10 

0.13 

0.15 

0.20 

0.22 

0.25 

0.28 

0.29 

0.31 

0.32 

0.36 

0.40 

0.52 

0.53 

0.57 

0.61 

0.61 

0.79 

1.03 


351205001 
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6.  DAMAGE  TOLERANT  DESIGN  WITH  CASTINGS 
61  BACKGROUND 

During  the  late  I960>  there  were  a  number  of  aircraft 
structural  failures  which  were  attributed  to  cracking 
problems  in  relatively  high  strength  structural  materials. 
These  failures  resulted  in  unacceptable  maintenance  and 
repair  costs,  excessive  aircraft  downtime  and  in  some  cases 
loss  of  life  and  aircraft. 

Fortunately,  the  state-of-the-art  of  fracture  mechanics  had 
reached  the  stage  of  development  where  it  could  be 
employed  for  the  first  time  as  a  quantitative  tool  in  aircraft 
failure  analysts.  Based  on  the  success  of  this  fracture 
mechanics  approach  the  United  States  Air  Force  required 
the  implementation  of  a  damage  tolerant  analysis  tn  the 
design  of  all  critical  components  in  new  aircraft  This  was 
accomplished  through  M1L-A-83444  '‘Airplane  Damage 
Tolerance  Requirements*'.  Similar  documents  have  been  or 
are  betng  developed  for  other  agencies,  both  military  and 
civilian< 

Concurrent,  but  independent  of  the  development  and 
implementation  of  damage  tolerant  design  requirements 
the  statc-of-thc-art  in  premium  quality  aluminium  and 
titanium  castings  has  progressed  to  thepoint  where  their  use 
in  cnticat  aircraft  structure  now  appears  possible.  If 
produced  in  sufficient  quantity,  cost  savings  of  over  30 
percent  have  been  demonstrated  in  programmes  to  develop 
an  experimental  aluminium  bulkhead  for  the  YC-I4  and  a 
vertical  tail  structure  for  the  F-16.  This  reduction  in  cost 
with  no  increase  in  weight  over  the  wrought  product  has 
been  made  possible  largely  through  the  elimination  of  lap 
joints  and  mechanical  fasteners.  Despite  these  cost 
advantages  and  the  fact  that  several  thousand  castings  are 
used  in  secondary  structure  of  many  modern  aircraft,  cast 
aluminium  has  had  scry  limited  use  in  puma  ry  load  earning 
aircraft  applications. 

Many  factors  have  served  to  limit  this  extended  use 
Included  arc  the  lack  of  design  allowables,  the  imposition  of 
casting  factors,  and  unknown  damage  tolerance  behaviour. 
While  the  lack  of  allowables  and  the  use  of  a  casting  factor 
may  be  issues  which  arc  near  resolution,  the  impact  of 
damage  tolerant  design  requirements  on  critical  casting 
applications  is  largely  unknown  and  will  be  a  major  factor  in 
their  extended  application.  The  remainder  of  this  chapter 
will  deal  with  these  concerns  and  requirements.  Hopefully, 
damage  tolerant  requirements,  when  properly  applied,  will 
encourage  ihe  re!  iable  uve  of  castings  rather  than  serve  as  an 
additional  barrier, 

6.2  DAMAGE  TOLERANT  DESIGN 
The  application  of  damage  tolerance  to  design  is  not  just  a 
method  of  calculating  the  stress  on  a  part  contaim  ng  a  flaw. 
Damage  tolerant  design  involves  three  essential  factors:  (I) 
the  assumption  of  a  pre-existing  flaw  tn  every  critical  part, 
(2)  an  analysis  of  the  rate  at  which  this  flaw  will  grow  during 
the  service  life  of  a  product  and,  (3)  the  critical  size  at  w  hich 
this  crack  will  cause  component  failure.  The  materials 
producer  and  the  designer  arc  equally  responsible  in  the 
success  of  a  damage  tolerant  approach.  To  manufacture  a 
casting  which  can  be  used  in  a  damage  tolerant  design  the 
foundry  must  understand  and  apply  the  use  of  non¬ 
destructive  inspection  techniques  teyond  the  capability  of 
conventional  x-ray  techniques.  In  addition,  for  the  first  time 
metallography  will  be  required  3s  a  quality  acceptance 
procedure.  Fracture  mechanics  testing  may  be  required  to 
venfy  and  guarantee  fracture  toughness  values  similar  to  the 


way  m  which  tensile  and  yield  strength  values  are  currently 
assured.  These  additional  requirements  will  introduce 
additional  cost  and  require  greater  expertise  in  the  quality 
control  and  acceptance  process  Some  foundnes  and  users 
m3y  not  be  willing  to  Undertake  these  changes. 

None  of  the  current  damage  tolerant  requirements  refer  to 
castings  or  make  any  distinction  between  productlorms  It  is 
the  stated  intent  of  the  previously  referenced  MIL-A-83444 
to  ensure  that  the  maximum  initial  flaw  size  in  any  material 
will  not  grow  to  a  size  such  as  to  endanger  flight  safety  at  any 
time  dunng  the  design  fife  of  the  aircraft  To  assist  m  the 
application  of  MIL-A-83444,  the  United  States  Air  Force 
has  prepared  AFWAL-TR-82-3073,  "USAF  Damage 
Tolerant  Design  HandbooK  Guidelines  for  Analysis  and 
Design  of  Damage  Tolerant  Aircraft  Structure".  This 
document  contains  the  data  to  support  the  rationale  and 
assumptions  in  the  damage  tolerance  requirements  and 
recommended  practices.^  A  companion  document  (4 
volumes)  MCIC-HB-01R  “Damage  Tolerant  Handbook  A 
Compilation  of  Fracture  and  Crack  Growth  Data  for  High 
Strength  Alloys"  has  also  been  published z  This  document 
provides  a  single  comprehensive  reference  source  on 
available  fracture  mechanics  data.  At  the  present  time 
( 1987)  no  data  on  castings  arc  included  in  thu  compilation 
although  sufficient  data  should  be  available  on  A357  and 
A20I  aluminium,  for  inclusion  in  the  next  revision 
Figure  6 1  is  a  somewhat  simplified  illustration  of  how  the 
three  damage  tolerant  factors  will  influence  predicted  fife 
and  cntical  crack  size.  In  this  case,  the  baseline  data  are  for 
2024-T85I  tes'ed  to  an  F-16  flight  load  spectrum  If  similar 
initial  flaw  sizes  and  crack  growth  rates  are  assumed  for  a 
casting,  changing  the  fracture  toughness  level  from  22  KSI 
s/m  <24  2  MPa  ^m)  to  13  KSI  (14 ,3  MPa  ^m)  would 

reduce  the  predicted  aircraft  life  by  almost  30  percent 
While  the  remainder  of  this  section  will  refer  pnmarily  to 
aluminium  castings  which  represent  the  majority  of 
experience  and  available  data,  the  application  and 
requirements  for  the  use  of  titanium  castings  m  loaded 
structure  will  be  simitar 

6.2.1  Durability  Design 

In  addition  to  a  damage  tolerant  analysis  the  United  States 
Air  Force  has  recently  mutated  durability  design 
requirements.  Durability  is  a  measure  of  the  structure’s 
resistance  to  fatigue  cracking  du  ring  service  and  a  statistical 
assessment  of  the  repair  costs  As  long  as  such  cracks  can  be 
economically  repaired,  the  analysis  is  concerned  with  small 
crack  sizes  which  affect  1  ife-cyclc-costs  rather  than  safety  of 
flight.  Durability  requirements  arc  specified  in  M1I.-A* 
87221,  the  "USAF  Durability  Design  Handbook 
Guidelines  for  the  Analysis  and  Design  of  Durable  Aircraft 
Structures"  Where  castings  are  employed  as  load  carrying 
members  in  military  aircraft,  whether  pnmary  structure  or 
not.  they  will  be  subject  to  such  an  analysis.  From  a  found  ry 
standpoint,  the  quality  control  practices  described  in  this 
document  to  ensure  adequate  damage  tolerance  will  also 
relate  todurabihty.  For  the  designer. although  the  analysis  iv 
different,  the  mechanical  property  data  requirements  arc 
essentially  the  same. 

6.3  INITIAL  FLAW  f>lZE 

In  a  damage  tolerant  analysis  the  initial  flaw  size  is  the  largest 
flaw-  that  can  be  assumed  to  be  in  a  structure  at  the  time  of 
manufacture.  From  a  practical  standpoint,  this  represents 
the  largest  defect  that  may  not  be  found  dunng  quality 


control  inspection.  Inu  rought  products  these  flaws  can  be  in 
the  form  of  inclusions,  forging  bps,  forming  cracks, 
scratches,  etc.  For  the  most  part  these  defects  arc  of  an 
external  nature  and  arc  identified  through  visual,  X-ray, 
ultrasonic,  eddy-current,  and  liquid  penetrant  inspection. 
On  the  other  hand  castings  are  particularly  vulnerable  to 
defects  such  as  gas  porosity,  internal  shrinkage,  and  dross 
inclusions.  User  acceptance  techniques  for  castings  are,  for 
the  most  part  limited  to  X-r3)  radiography  (for  internal 
flaws)  and  liquid  penetrate  (for  surface  flaws)  From  a 
practical  standpoint,  internal  defects  are  currently 
detectable  when  their  size  is  greater  than  one  percent  of  the 
thickness  of  the  material  being  examined,  assuming 
inspection  is  not  masked  by  excessive  porosity 

Specific  initial  flaw  sizes  arc  recommended  in  MH/A* 
83444.These  values  are  essentially  0  05*  (1 27  mm)  on  one 
s'de  of  holes  and  cutouts  and  0 125'  (3.17  mm)  for  surface 
crack  lengths  at  locations  other  than  holes  Where  the 
contractor  can  demonstrate  a  capability  for  identifying 
smaller  flaw  sizes,  these  smaller  flaw  sizes  can  be  negotiated 
with  his  procu  rement  agency.  In  the  case  of  castings,  the  user 
should  be  able  to  justify  the  use  of  the  flaw  sizes  specified  in 
MH-A-83444. 

A  durabil  uy  analysis  requires  an  initial  flaw  size  of  0  01  inch 
(0  254  mm).  However,  this  is  only  a  specified  starting  point 
for  durability  anal)  sis  and  should  not  be  confiiscd  with  an 
inspection  capability  requirement  as  referenced  above  for 
damage  tolerance. 

6  4  CRACK  GROWTH  RATE 
The  rate  at  which  a  flaw  Will  grow  until  it  readies  a  critical 
crack  size  in  a  structure  can  be  a  rather  elusive  value  Crack 
growth  rates  for  w  rought  products  depend  on  the  magnitude 
(max  stress)  of  the  applied  stress,  the  ratio  of  minimum  to 
maximum  stress  (stress  ratio),  and  the  environment 
(humidity  and  temperature).  The  ordering  of  loads  or 
spectrum  effects  arc  also  important  in  relating  the  life  of  a 
crack  growth  specimen  to  the  actual  fife  of  a  component. 
The  generic  standarJ  for  crack  growth  testing  of  metals  at 
constant  amplitude  is  contained  in  ASTM  E647.  Although 
castings  arc  not  affected  by  specimen  orientation,  the 
establishment  of  valid  data  is  difficult  due  to  their 
intermittent  growth  characteristics  as  will  be  discussed  later. 

While  the  above  effects  arc  very  complex,  overall  it  appears 
that  the  crack  growth  rates  for  castings  compare  favourably 
with  the  crack  growth  rates  for  wrought  products.  In  fact, 
some  data  such  as  those  shown  in  Figure  6.2  indicate  that  the 
potential  for  superior  crack  growth  diaracmstics  for 
castings  may  exist 5  In  this  study  several  samples  of  a  cast 
aluminium  component  exhibited  longer  spectrum  fatigue 
lives  than  cither  the  mechanically  fastened  or  adhesively 
bonded  components.  Unfortunately,  the  scatter  in  the 
casting  data  was  such  that  other  samples  also  exhibited  the 
shortest  lives.  Consequently,  the  designer  can  not  presently 
rdy  on  the  high  values.  Very  little  is  quantitatively  known 
about  the  effect  of  casting  discontinuities  on  crack  growth 
rate.  It  is  not  known  whether  the  growth  rate  will  increase  as 
it  goes  through  an  area  of  high  porority  as  the  small  voids 
link  up  (as  in  a  roll  of  perforated  paper)  or  whether  each 
void  will  tend  to  act  as  a  crack  stopper,  temporarily  slowing 
the  progress  of  the  crack.  Using  typical  crack  growth 
specimens  developed  for  wrought  products  as  shown  in 
Figure  6.3.  investigators  have  had  problems  with 
intermittent  growth  rates,  branching,  and  uneven  crack 
fronts  with  castings.  Tlus  difficulty  has  also  been 
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encountered  in  prc-crackmg  fracture  toughness  specimens 
as  shown  in  Figure  6  4 

The  use  of  metallographic  controls  on  dendntic  arm  spacing 
or  cell  size  in  procurement  specifications  to  reduce  scattenn 
tensile  properties  of  the  A357  aluminium  alloy  has  recently 
been  initiated.  The  long  term  impact  of  these  controls  with 
their  inherent  finer  microstoicture,  on  crack  growth  has  not 
yet  been  established  for  production  castings  Other 
considerations  such  as  the  effects  of  weld  repair  on  srack 
growth  rate  are  also  under  investigation,  but  it  may  be  years 
before  these  relationships  are  firmly  established.  In  the 
meantime,  it  appears  that  the  crack  growth  resistance  of 
castings  will  not  be  a  disqualifying  factor  for  their 
application  in  cntica!  load  carrying  structure 

6.4.1  Fatigue  Crack  Growth  Rate  Data 
6411  A2QI-T7 

Figure  6  5  shows  fatigue  crack  growth  rate  data  obtained 
from  five  specimens  from  two  producers,  of  step  block 
castings  of  A201-T7  alloy.  These  specimens  were  tested  at 
the  AFWAL  Materials  Laboratory.4  The  specimens  were 
standard  compact-tension  (CT)  specimens,  0.368  inches 
(9.35  mm)  thick  (B)  and  2  000  inches  (50  8  mm)  wide  (W) 

AH  chemistry  was  within  the  following  limits; 


Copper 

4.5—5  0  percent 

Silver 

0.5— 1.0  percent 

Manganese 

020-0.50  percent 

Magnesium 

0  25—035  percent 

Titanium 

0 15-030  percent 

Iron 

005  percent  max 

Silicon 

0 10  percent  max 

Aluminium 

Balance 

Ultimate  strength,  yield  strength  and  fracture  toughness 
values  were  reported  by  the  suppl.er  to  be  60  KSl.  55  KS1. 
and  30-33  KSI  /inch  (413  7  MPa.  379  2  MPa.  and  33  0- 
36.3  MPa  /m)  respectively.  Crack  growth  tests  were 
conducted  in  accordance  with  ASTM  standard  E  647. 
•Standard  Method  for  Constant-Load-Amplitude  Fatigue 
Crack  Growth  Rates  Above  10-8  m/cyclc".  Specimens 
were  pre-crackcd  and  tested  on  a  25  kip  (HI  2  KN) 
elcctrohydrauhc  fatigue  machine.  Crack  length  was 
mcasu  red  optically  using  a  travelling  microscope.  An  R  ratio 
of  0.1  wav  applied  sinusoidally  at  25  Hz.  All  tests  were 
conducted  at  room  tempcra'urc  in  lab  air. 

The  seven  point  polynomial  method  was  used  to  convert  the 
*a"  versus  'K“  data  to  values  of  *da/da"  versus  AK".  A 
comparison  of  data  in  Figu  re  5.  with  similar  data  Irom  M IL- 
HDUK*5D  on  2I24-T85I  wrought  plate  2  inch  (50  8  mm) 
—  5  inch  (127  mm)  thick,  indicates  that,  within  the  10*4  to 
10"  inch/cyclc  (25  4  X  ID*4  to  254  x  10”»  mm/cyclc) 
range,  both  materials  have  similar  crack  growth  rates. 
During  testing  it  was  noted  that  the  fatigue  crack  followed  a 
tortuous  route  and  branched  regularly.  While  this  branching 
apparently  contributes  to  the  good  fatigue  crack  growth 
resistance  of  A201-T7  it  makes  the  stress  intensity 
measurements  less  exact. 

6.4.1. 2  AS57- 76 

Specimens  from  similar  step  block  castings  of  A357-T6 
from  two  different  producers  were  also  tested.4  Specimen 
configurations,  test  equipment  and  loading  procedures  were 
the  same  as  for  the  A201-T7  alloy  Alloy  chemistry  was 
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within  the  following  ii  outs  except  for  low  silicon  i  n  specimen 

97CGI 

Silicon  6.5  **<7.5  percent 

Magnesium  0.55--0.65  percent 

Iron  0  20  percent  max 

Titanium  0  l0**O  20  percent 

Beryllium  0  04-*0 07  percent 

Zinc  0 10  percent  max 

Copper  0.20  percent  max 

Manganese  0 10  percent  max 

Aluminium  Balance 

The  results  from  three  specimens  from  producer  B  castings 
are  shown  in  Figure  6  6.  Specimen  36CGI  results  deviated 
from  the  others  at  low  KV  At  a  stress  intensity  of 
approximately  11  KSI  ,/m  (13.3  MPa  ^m)  and  above,  all  of 
the  producer  B  results  assume  the  same  form. 

The  crack  arrest  data  based  on  producer  A  castings  revealed 
somewhat  greater  scatter  as  shown  in  Figure  6.7.  At  low  A  K 
values  specimen  S9CG1  had  the  least  crack  growth 
resistance  \yhile  specimen  V7CGI  had  the  most  crack 
growth  resistance.  The  low  silicon  specimen  97CG I  was  in 
line  with  the  other  producer  A  plots. 

The  Boeing  company  has  done  appreciable  crack  growth 
testing  of  A-357  specimens  from  several  large  experimental 
ca*t  bulkheads  for  the  YC-14  aircraft  These  bulkheads 
were  produced  by  tw  o  different  found  nes.5  These  tests  were 
conducted  unih  t  similar  conditions  as  the  previously  shown 
AFWAL  tests  except  that  tlic  stress  ratio,  H,  was 0  06  rather 
than  0 10.  The  test  data  is  summanzed  in  Figure  6  8,  which 
also  shows  upper  and  lower  bounds  of  similar  data  from 
separately  cast  test  bars, Of  all  the  specimens  cut  from  the 
bulkheads,  four  of  these  specimens  contributed  to  the 
majority  of  the  scatter  shown  in  Figu  re  6  8,  Figu  re  6  9  shows 
these  same  crack  growth  data  with  these  four  specimens 
excluded.  Boeing's  examination  of  these  four  specimens 
indicated  a  slight  increase  in  microshrinkage  compared  to 
thaotners, 

Additional  tests  on  Boeing  bulkhead  castings  were 
conducted  at  AFWAL  at  a  stress  ratio  of  R  -  020  and  very 
carefully  controlled  conditions  of  5  percent  dry  air.4  These 
data  are  shown  in  Figure  6.10.  Relatively  little  scatter  is 
noted  in  these  data  and  that  present  is  on  the  right  or  slower 
crack  growth  side  of  the  curve. 

Following  the  success  of  the  Boeing  CAST  programme,  an 
effort  was  initiated  to  design, build  and  test  an  experimental 
vertical  tad  for  the  F*I6  aircraft.1  The  preliminary  design 
wav  based  largely  on  the  CAST  programme  data 
Verification  of  the  design  included  the  crack  growth 
evaluation  specimens  subsequently  extracted  from  the  cast 
tail  structure.  These  daiaarcshownmrigurcs6  It  and6 12 
the  data  included  three  different  *R“  ratios  and  twx» 
humidity  conditions.  Differences  in  craek  growth  ratcduc  to 
stress  ratio  and  humidity,  while  evident,  do  not  appear  to  be 
any  less  or  more  severe  than  observed  for  wrought 
aluminium  products. 

Cast  A357-T6  wav  included  man  overall  investigation  of  the 
fracture  properties  of  a  number  of  w  roughi  alloys  including 
2024-T35I. 7475-T735 1. 7050-1736. 7475-T76. 7075-T6. 
7075T735 1 , 7 178*T6 5 1  and 6061 *T65 1  .*  This  programme, 
conducted  by  MBB  UT  Bremen,  reported  data  on  A-357 
which  compared  well  with  the  Boeing  and  AFWAL  data 
prcviouvly  discussed.  In  the  MBB  report  the  A-357  had 
neatly  the  same  crack  growth  characteristics  as  2024-T351 


plate  which,  in  turn,  had  better  crack  grow  th  behaviou  r  than 
any  of  the 7000 senes  alloys  which  they  tested.The  basis  for 
these  findingsare  shown  m  Figure  6.1 3.  Unfortunately,  from 
a  casting  standpoint,  MBB  also  concluded  that  the  residual 
strength  of  the  A357,usmga  centre  crackedplate.wav  lower 
than  any  or  the  wrought  products.Thi$  conclusion  based  on 
the  data  in  Figure  6  Mi\  somewhat  reflected  m  the  fraetu  re 
toughness  data  repotted  in  Section  6  5 1  of  this  report 

6  41.3  TiMt-4v 

Tx  6AMV  is  the  most  widely  produced  titanium  alloy  in 
both  the  wrought  and  cast  form.  As  with  wrought 
aluminium,  wrought  titanium  benefits  from  subsequent 
mechanical  working  which  allows  microstructural 
configurations  not  possible  with  the  cast  part.  Without 
additional  processing,  the  differences  between  castings  and 
the  wrought  product  show  up  pnmanly  in  reduced  high 
cycle  fatigue  (or  crack  initiation  resistance)  for  the  castings-. 
However,  titanium  castings  appear  to  be  more  amenable 
than  aluminium  to  variations  in  thermal  processing  and  the 
benefits  of  hot  isostatic  pressing  (HIP),  to  the  point  where 
titanium  alloy  castings  can  be  produced  with  properties 
which  can  be  com  parol  to  the  wrought  product. 

Metallurgical!/  this  comaparabibty  is  due  to  a  phase 
transformation  in  titanium  from  alpha  to  alpha+beta  at 
temperatures  well  below  the  solidification  temperature 
(bc.a  transus  temperature).  The  cast  beta  structure  is 
tansformed  into  an  alpha  colony  plate  structure  which  is 
much  the  same  as  the  beta  annealed  structure  in  wrought 
titanium  products.  This  results  in  improved  creep  and 
fracture  resistance  wiihcut  a  loss  in  fatigue  crack  growth 

The  major  benefit  of  the  HIP  process  is  to  improve  the  high 
cycle  fatigue  strength  of  castings  through  pore  closure 
These  high  cycle  fatigue  benefits  are  shown  in  Chapter  3  in 
this  handbook.  The  overall  crack  growth  characteristics 
which  arc  relatively  unaffected  by  either  variations  m 
microstructure  or  the  HIP  process,  arc  show  n  in  Figu  re  6 15 
While  the  benefits  of  such  improvement  practices  are  well 
documented  in  the  literature  and  are  standard  practice  at 
several  foundries,  they  are  not  >et  covered  by  recognized 
industry  or  government  processing  standards 

6  5  CRITICAL  F1AW  SIZE 

Critical  flaw  size  is  the  size  at  which  growing  cracks  will 
propagate  in  an  unstable  manner  and  cause  the  specimen  or 
component  to  fail.  The  critical  flaw  size  »s  a  function  of  the 
fracture  toughness  (Kt.)  as  well  as  applied  stress  Fracture 
toughness  is  particularly  important  to  foundries  producing 
castings  because,  for  damage  critical  applications  the 
foundries  will  hase  to  guarantee  castings  to  meet  toughness 
requirements  tn  the  same  way  that  tensile  values  are  now 
guaranteed  The  guaranteed  values  may  not  ncccssanly  be 
included  mindustry  specifications, but  they  must  be  agreed- 
upon  values  negotiated  with  the  customer  These  arc  the 
values  the  designer  will  use  in  his  design  and  obviously  the 
application  will  not  reach  its  desired  lifetime  if  these 
guaranteed  values  are  nit  met  A  typical  fracture  toughness 
specimen  was  shown  in  Figure  6.4  and  the  appropriate  test 
methods  arc  fully  desenbed  m  ASTM  F-399. 
Unfortunately,  tn  order  to  obtain  val  k1  test  data  on  castings 
the  thickness  of  this  specimen  may  have  to  exceed  the 
section  thickness  available  from  typical  aerospace  castings. 
Consequently,  appropriate  test  areas  or  prolongations  may 
have  to  be  designed  into  a  part.  In  some  cases  other  tests 
such  a  R-curse  and  J-miegral  evaluations  (which  are  also 
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dcsc  ribed  in  A  STM  test  methods)  may  have  to  be  negotiated 
as  a  substitute. 

The  aluminium  industry  has  identified  specific  wrought 
alloys  as  the  only  ones  on  which  fracture  toughness 
guarantees  will  be  given.  These  alloy  s  are,  for  the  most  part, 
similar  to  non-guarantecd  alloys;  but  with  tighter  chemistry, 
particularly  on  elements  which  have  been  shown  to  be 
fracture  toughness  critical  For  example.  Fe  and  Si  are 
lowered  in  modifying  7075  and  2024  to  produce  7175  and 
2124  respectively  Fracture  toughness  guaranteed  alloys 
such  as  7175  and  2124  will  generally  sell  at  a  premium  to 
cover  these  tighter  chemistry  controls  and  the  expense  of 
qualifying  fracture  toughness  tests  This  approach  of 
wrought  alloys  appears  to  be  logical  for  casting  alloys.  The 
new  AMS  specifications  (AMS  4241  and  AMS  4242) 
include  both  netallographic  controls  and  fighter  chemistry 
than  that  specified  for  A357  and  A20!.7he  designation  for 
these  new  alloys  is  D357  and  B201. 

The  state-of-the-art  in  the  development  of  indusi.y  wide 
specifications  and  metallographic  controls  for  high 
performance  titanium  castings  is  not  as  well  developed  as  it 
is  for  the  aluminium  product.  However,  the  basis  for  such 
quality  control  does  exist  and  the  potential  payoff  for  such 
standardization  and  the  application  of  such  standards  is 
quite  high.  In  the  meantime,  any  fracture  toughness 
guarantees  have  been  the  result  of  individual  negotiations 
between  the  customer  and  foundry 

6.5.1  Fracture  Toughness  Data 

Plane  strain  fracture  toughness  data  (Kk)  on  advanced 
aluminium  castings  which  meet  ASTM  E-24  requirements 
are  exceedingly  difficult  to  obtain.  This  is  largely  due  to 
unequal  growth  3long  various  portions  of  the  crack  front  and 
the  need  for  a  thicker  specimen  than  is  usually  available 
from  castings  to  ensure  a  plane-strain  condition  at  the  crack 
tip.  To  ensure  this  plane-strain  condition.  ASTM  defines 
fracture  toughness  values  as  'Kq“  which  become  valid  *Kk" 
numbers  only  after  meeting  certain  criteria  specified  in 
ASTM  E-399.  Very  few  specimens  tested  in  any  of  the 
referenced  programmes  met  the  ASTM  validity 
requirements. The  valid  Kk  values  for  A357-T6  ranged  from 
16.0  to  19.4  KSI  7*n  (175  to  21.3  MPa  Jm).  In  contrast 
typical  values  for  wrought  2124-T85 1  plate  ran  from  a  low 
of  17  KSI  \fm  (18.7  MPa  7m)  in  the  short  transverse 
direction  to  values  of  21  to  37  KSI  7w  (23 1  to  406  MPa 
7m)  in  the  longitudinal  direction  as  shown  in  Table  6.16. 
Obviously,  the  fracture  toughness  of  aluminium  castings  will 
need  improvement  to  be  fully  competitive  with  wrought 
products  in  the  longitudinal  and  transverse  directions. 

The  small  amount  of  data  that  do  exist  on  the  fracture 
toughness  of  titanium  castings  indicate  Kk  tests  on  castings 
may  be  no  more  difficult  to  make  than  on  the  wrought 
product.  However,  due  to  the  wide  variations  in  thermal 
processing  that  are  available  for  both  the  wrought  and  cast 
materials,  realistic  comparisons  between  the  two  forms 
should  be  made  with  caution, 

6.5.1. 1  A20I-T7 

The  Northrop  data  on  step  block  A20I-T7  castings  are 
shown  in  Table  6.17.  All  the  values  were  valid  Kk  values.  As 
these  values  ranged  from  23.2  to  33.2  KSI  /m  (25.5  to  36.5 
MPa  it  appears  that  the  A20I-T7  alloy  will  have 
superior  fracture  toughness  compared  to  the  A3 5 7-T6  alloy, 

Swivs  Aluminium  Ltd  has  done  appreciable  evaluation  of 
the  A201  alloy  in  both  the  T6  and  T7  conditions.  Most  of 


these  data  are  in  company  reports.”  *R*  curve  data,  w  elding 
and  thickness  effects  are  addressed.  For  a  specimen 
thickness  of  .571  in  (14.5  mm)  they  reported  an  average  Kfc 
value  of  34  4±  2  KSI  7<n  (37.9  ±2.2  MPaVm).  ■ 

6  5.1.2  A357-T6  (Boeing) 

None  of  the  specimens  extracted  from  the  experimental 
bulkhead  produced  during  the  CAST programmeat  Boeing 
exhibited  valid  Kfc  numbers.5  They  did  obtain  Kq  values  on 
A-357  ranging  from  13  9  KSI  7 m  (15  3  MPa  7m)  to  74  4 
KSI  yftn  (26  8  MP3  7m)  whichare  shown  in  Table  6 18  Pre- 
design  test  data  Iron  Boeing  on  separately  cast  test  plates 
are  shown  in  Table  6 1 9,  In  this  case,  four  tests  did  result  in 
valid  Kk  numbers  " 

6  5.1.3  A357-T6  (General  Dynamics) 

Fracture  toughness  data  from  the  General  Dynamics 
programme  to  fabricate  and  test  an  experimental  F-16 
vertical  tad  also  reflect  this  difficulty7 Ttble  6  20  shows  Kq 
values  from  A-357  specimens  cut  from  this  tail  structure. 
While  invalid  by  ASTM  criteria,  these  numbers  are  all  well 
above  the  value  of  13  KSI  -Jin  (14 3  MPa  7m)  which  was 
taken  from  the  CAST  programme  and  used  in  the  damage 
tolerant  analysis  of  the  F-16  component. 

6.5.1.4  A357-T6  (Northrop) 

Another  sourceof  fracture  toughness  data  on  A357  was  the 
Northrop  programme  to  study  processing  effects  on  A357 
and  A201  casting  alloys’ The  A357  data  are  shown  in  Table 
621,  None  of  these  values  passed  the  ASTM  criteria 

6.5.1.5  A 35 7-T6  ( Other  Data) 

Data  were  obtained  from  the  Premium  Casting  Division  of 
ALCOA,  a  producer  of  A357.,:  T\vo  of  their  four  tests 
developed  valid  Kk  numbers.  Thar  data  arc  shown  in  Table 
6.22, 

Martin  Manctta  Aerospace  evaluated  A357-T6  for  large 
diameter  elbow  castings  in  a  space  system.  They  used  a 
semi -elliptical  surface  flaw  specimen  and  obtained 
values  o!  23  and  27  KSI  7m  <25.3  and  297  MPa  7m)  on 
parent  material  and  24  and  26  KSI  7>n  (26.4  and  28  A  MPa 
7m)  on  weld  repaired  test  plates.1*  Trusts  consistent  with  the 
previously  referenced  Northrop  data  which  also  included 
weld  repaired  material  and  showed  r.o  lossof  Kq  in  the  weld 

6.5.1. 6  Summary  oj A3S7tfbK(f Data 

An  analysisof  the  A357-T6  data  from  fourdifferent  sources 
in  Tables  6,18  through  6  22  is  shown  in  Table  6  23.  Data  on 
allthicknesscs  is  consolidated.  Ol  these  41  Kq  values,  six  arc 
valid  Kk  values  per  the  ASTM  C-399  requirements.  The 
validity  of  these  requirements  for  Kk  is  evident  in  that  the 
variance  in  the  valid  data  is  only  a  fraction  of  that  of  the  non- 
valid  data.  Even  though  the  mean  of  the  valid  data  is  lower, 
an  estimated  design  value  at  two  standard  deviations  below 
the  mean  would  actually  be  higher  than  if  the  non-valid  Kq 
data  were  considered. 

6.5.1.7  71MWP 

Tiblc  624  shows  typiea*  fracture  toughness  data  on 
commercially  available  titanium  castings  that  were  available 
from  several  sources  at  the  time  of  this  report  Of  these  data, 
none  were  valid  per  ASTM  K|/)icld  thickness  criteria.  No 
crack  cu  rvarurc  validity  checks  were  made.  The  only  ASTM 
valid  data  were  data  on  material  which  had  been  subject  to 
noncommercial  proprietary  thermal  processing.15  These 
valid  Kk  values  (which  are  not  shown  in  Table  6  24)  ranged 
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from  53  2  KSI  /in  (583  MPa  /m)  to  73  6  KSI  /in  (809 
MPa  /Cj)  which  arc  typical  of  transverse  and  longitudinal 
Kk- valucs  for  STA  titanium  plate.  Had  larger  specimens 
b«d  on  the  conventionally  processed  and  fHPed 
castings  it  can  probably  be  assumed  that  values  would  fall 
between  those  shown  as  Kq  numbers  in  Table  6.24  and  the 
propnetary  processed  material, eg.  70-90  KSI  /in  (77- 
99  MPa  / m).  Such  assumed  values  arc  typical  for  Ti  6AMV 
wrought  annealed  material 

It  should  be  noted  that  the  failure  to  obtain  a  significant 
amount  of  valid  fracture  toughness  data  on  Ti  castings  was 
generally  due  to  the  relatively  high  K^yicld  strength  ratiool 
titanium  and  not  due  to  difficulties  in  the  pre-cracking 
process  as  has  been  the  case  with  aluminium  castings.  This 
same  K^yield  strength  problem  arose  during  the  initial 
development  of  Kfc  data  on  wrought  Ti  plate  and  specimens 
as  thick  as  3'  (76  2  mm)  were  necessary  to  obtain  valid  dat3 
on  re-crystalfued i  annealed  material.  It  has  been  estimated 
that  2*  thick  specimens  would  be  necessary  to  obtain  valid 
data  for  most  of  the  cast  material  listed  in  table  624. 
Hopefully,  such  data  will  become  available  in  thenear  future 
to  expedite  the  application  of  a  damage  tolerant  analysis  to 
Ti  castings. 

6  6  METALLOGRAPHIC  CONTROLS 
It  is  a  common  observation  that  a  finer  microstructure  will 
improve  tensile  properties.  Chills  are  commonly  employed 
to  obtain  a  finer  structure  in  cntical  casting  areas.  While  a 
finer  structure  is  desirable  from  a  tensile  property 
standpoint,  it  is  difficult  to  non -destructively  measure  or 
inspect  the  microstructure  from  a  quality  control  standpoint. 
A  major  step  In  this  direction  was  work  at  ALCOA 
followed  by  an  effort  by  Boeing  in  the  CAST  programme  to 
relate  dendntic  arm  spacing  in  aluminium  to  the  tensile 
allowables.  Results  from  the  experimental  bulkhead  used  In 
the  CAST  programme  resulted  in  the  allowables  shown  in 
Tabic  6  25.* 

Since  then,  Northrop  has  also  shown  that  tighter  controls  on 
soundness,  heat  treatment  and  composition  will 
significantly  improve  the  consistency  of  the  dendntic  arm 
spacing  to  tensile  property  relationship*  Figure  6  26  shows 
some  of  the  Northrop  results. 

Subsequently,  Boeing  has  reported  that  cell  sire  of  the 
microstructure  combined  wuh  silicon  particle  aspect  ratio 
and  porosity  may  be  a  more  reliable  metallography  quality 
control  tool  than  dendntic  arm  spacing  alone."  Cell  $irc 
measurement  may  also  be  more  amenable  to  automated 
techniques  on  the  production  Hoot  than  measuring  dendntic 
arm  spacing. 

As  previously  shown,  mechanical  properties  approaching 
those  for  wrought  products  can  be  obtained  on  a  cast 
structure,  but  not  on  a  consistent  basis.  The  proposed 
metallography  controls  should  result  in  more  consistent 
mctalwgraphic  structure  and  static  properties  although  they 
may  not  ncccsmnfy  increase  the  maximum  strength  level. 
While  the  effect  metallographic  controls  will  have  on 
fracture  toughness  is  unknown,  techniques  that  will  increase 
product  uniformity  should  also  increase  the  consistency  In 
fracture  toughness.  Specification  ARM947  has  been 
pubushed  to  provide  a  procedure  for  dendrite  arm  sparing 
measurement  and  control  of  high  strength  A3$7  aircraft 
structural  castings. 

Somewhat  similar  cifon  has  been  conducted  on  TI  6AM  V 
relating  alpha  platelet  thickness  to  mechanical  properties,** 


This  effort  would  indicate  that  a  similar  procedure  might  be 
developed  for  an  industry  vide  specification  for  titanium 
castings. 

6.7'  DESIGN  ALLOWABLES 
Design  allowables  for  military  and  civilian  aircraft 
manufactured  in  the  US  are  contain#!  in  M/L-HDBK-5. 
which  has  been  maintained  and  updated  contuiously  since 
19383*  The  *VV  allowables  in  MIL-HDBK-5  represent 
values  for  which  at  least  99  percent  of  the  population  is 
expected  to  equal  or  exceed  with  a  confidence  of  95  percent 
"B  allowables  represent  90  percent  exceedance  at  a 
Confidence  limit  of  95  percent  Common  practice  j$  to 
require  “A"  allowables  for  primary  load  path  structure.  In 
ordtr  to  ensure  statistical  reliability  of  the  values  from  one 
iot  of  material  to  another,  MIM1DBK-5  requnes,  among 
Other  things,  the  existence  of  an  Industry  wide  approved 
specification  to  ensure  that  future  production  will  be 

consistent  with  that  material  from  which  the  allowables  were 

developed  In  addition  at  least  10  lots  of  material  and  100 
specimens  are  required.  Using  these  criteria.  numerous 
attempts  have  been  made  to  develop  allowables  for  castings. 
In  the  past,  these  efforts  had  been  unsuccessful  due  to  the 
wide  variation  in  properties  that  can  be  obtained  both  within 
a  casting  and  from  one  catsting  design  to  another.  As  a  result, 
each  casting  had  its  own  statistical  propulation  group  wuh  a 
rather  wide  spread.  The  computed  allowables  not  only 
failed  ro  meet  the  MIDHDBK-5  “A"  and  *B”  allowables 
requirements  for  a  single  population  group,  but  it  all  data 
were  grouped,  the  resultant  allowables  would  have  been  too 
low  to  be  useful,  even  though  most  of  the  casting  strengths 
were  quite  high.  The  AMS  specifications  previously 
referenced  (AMS  4241  and  AMS  4242)  were  developed  to 
control  the  uniformity  of  the  cast  product  and  may  be  a 
breakthrough  to  the  allowables  problem.  They  control 
uniformity  through  tighcr  controls  on  chemistry  and  the  use 
of  metallography  eg,  grain  size  or  Dendritic  Arm  Sparing 
controls.  The  metallographic  limitations  relate  to 
solidification  rate  which  in  turn  relate  to  tensile  properties 
Using  these  new  specifications,  a  proposed  set  of  W  and 
allowables  for  D357  have  been  developed  and  are  being 
considered  for  publication  in  MIU1DBK*$<  However,  the 
use  of  these  new  specifications  and  allowables  arc  not 
without  additional  effort,  understanding  and  cost  on  *Jie  part 
of  both  the  foundry  and  user.  Thus  is  because  appropriate 
metallographic  limitations  for  critical  areas  in  the  casting 
must  be  established  and  each  production  casting  must  be 
non  •destructively  inspected  to  insure  that  the 
microstructure  conforms  with  these  limitations. 

6.8  CASTING  FACTORS 

For  many  years  castings  have  not  been  associated  with  the 
quality  level  and  consistency  of  product  necessary  for 
critical  aircraft  components.  As  a  result,  both  civilian  and 
military  authontics  have  implemented  somewhat  arbitrary 
casting  factors  to  increase  the  margin  of  safety  for  castings 
over  that  required  for  other  prodi-cts.  Unsuccessful  efforts 
to  develop  design  allowables  on  castings  have,  until  now 
reflected  this  inconsistency  and  verified  the  us?  of  such 
factors. 

For  civilian  aircraft  in  the  United  States,  these  factors  arc 
specified  in  Federal  Aeronautics  Regulation  (FAR)  25. 
These  regulations  require  a  factor  from  US  to  2.00 
depending  on  various  degrees  of  inspection  to  which  the 
casting  is  subjected  and  to  the  criticality  of  use.  The  US  Air 
Force  requires  a  margin  of  safety  of  33  (133  In  FAA 
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terminology)  as  specified  in  MIL-A-008860A.  The  US 
Navy  retires  no  casting  factor  as  long  as  the  castings  are 
procured  under  MIL-A-2 1 1 80  MIL-A-2  HSO  covers  A357. 
A201  and  several  other  aluminium  cast  alloys.  This 
specification  does  not  include  metallographic  controls. 

During  the  last  decade  the  state-of-the-art  for  premium 
quality  casting  has  rapidly  advanced.  Several  thousand 
castings  are  commonly  used  in  each  aircraft.  However,  with 
very  few  exceptions,  none  of  these  castings  are  used  in 
primary  toad  carrying  structures  Those  that  arc  used  in 
non-pnmary  loaded  structures  are  almost  always  stiffness  or 
modulus-critical  rather  than  load-cntical.  This  is  because 
the  implementation  of  a  casting  factor  simply  makes  the 
casting  non-competitive  in  a  strength  critical  application  In 
the  past,  use  of  these  casting  factors  has  been  justified 
How  ever,  with  the  quality  level  available  today,  casting 
factors  become  redundant  if  statistically  derived  design 
allowables  are  available  and  i  f  the  material  is  obtained  u  nder 
a  specification  which  embodies  effective  metallographic. 
heat-treatment,  chemistry  and  NDI  controls.  The 
elimination  of  a  casting  factor  will  not  be  easily 
accomplished.  Different  controlling  authorities  will 
undoubtedly  have  different  criteria  for  approving  non- 
factor  use  or  acceptance.  Generally,  however,  it  will  first 
require  the  development  of  A  and  B  design  allowables  on  a 
given  cast  alloy  Until  recently,  this  had  not  been  possible  as 
discussed  in  Section  6.7  Once  allowables  are  developed,  the 
second  step  will  be  the  implementation  of  foundry  level 
control  of  the  metallographic  structure  of  each  casting.  The 
first  production  casting  will  have  to  be  cut  up  to  establish  a 
tensile  strength-metallographic  acceptance  entenon  Bach 
subsequent  production  casting  will  have  to  be 
mctallographically  examined  to  ensure  continuing  quality. 
Prolongations  on  each  casting  to  further  confirm  hcat- 
treatment  response  will  also  be  required. 

Requirements  for  casting  factorsin  countries  outside  the  US 
may  vary.  In  Great  Bntain  the  requirements  3re  included  in 
various  sections  of  Defence  Standard  00-970.  In  essence, 
thus  standard  requires  the  use  of  a  casting  factor  only  for 
flight  critical  structures  where  A  and  B  allowables  arc  not 
available.  Under  such  conditions,  a  factor  of!  6  is  required 
for  aluminium  sand  castings.  In  West  Germany,  a  casting 
factor  of  1.33  is  specified  for  Military,  and  1 25  for  civilian 
aircraft 
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Fig  6  3  Typical  crack  growth  rate  specimen 
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Fig  04  Compact  tens*cri  fracture  kougtoew  specmen 
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Fig  6  8  Crack  growth  data  on  A357-T  6  specimens  taken  from  specimens  taken  from  several  experimental  Doe  mg 
bulkheads,  compared  with  scatter  band  from  Bee  mg  step  block  castings.  Tested  at  Boeing  {5) 
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Fig  6  9  Selected  crack  growth  data  on  A357-T6  from  several  Boeing  experimental  bufchead  casings  tested  at  Boemg  (5) 
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Fig  6 11  Crack  growth  data  on  A3S7-T6  $peomen$  at  vanoos  *R*  ratio®  from  an  experimental  F-16  vertical  tai  arvj  tested 
at  General  OynanSca  <7) 
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Tabte6l7 


Specimen 

Yield 

Strength 

(KSl) 

Fracture 

Toughness 

(ksiVTh) 

Reason 

Not  Valid 

Producing 

Foundry 

128P 

63.2 

23.2 

Valid  KjC 

Producer  C 

128  A 

59.4 

24.9 

Valid  KIC 

Producer  C 

5/N  20 

54.8 

33.2 

Valid  KJC 

Producer  0 

S/N  30-1 

60.1 

30.7 

Valid  KJC 

Producer  9 

S/N  32-1 

59. 2 

32.8 

Valid  KJC 

Prooucer  0 

|  Standard  Deviation 

4.62 

Mean 

28.96 

Variance 

17.08 

_ 1 

Fracture  toughness  results  on  0  80'  wide  specimens  from  cast  test  blocks  of  A201 -T7.  Northrop  data  (9) 


Spedren 

Yield 

Strength 

MPa 

Fracture 

Toughness 

MPa  Vc 

Reason 

Not  Valid 

Producing 

Foundry 

128P 

441 

25.5 

Valid  K,c 

Producer  C 

128A 

415 

27.4 

Valid  K,c 

Producer  C 

S/K  20 

383 

36.5 

Valid  KJC 

Producer  0 

S/N  30-1 

420 

33.7 

Valid  KJC 

Producer  D 

S/N  32-1 

414 

36.0 

Valid  Kk 

Producer  0 

Average 

4}4 

32.9 

1  Standard  Deviation 

5.08 

Hear. 

31.83 

Variance 

18.77 

Fracture  toughness  results  on  20  32  mm  wide  specimens  from  cast  test  blocks  of  A201  •T7,  Northrop  data  (9) 


I  T 


TaWe618 

tosufti  oo  25  4  mm  v«Jo  spocmens  extracted  from  four  cast  txifcheads  A357*T6  aloy,  Boeing  CAST 


1 


* 


m 


No. 

■n 

IHI 

m 

mu 

m 

■■ 

-2 

0.295 

1.995 

0.987 

ibid 

?3. 1 

No 

AB 

-5 

0.154 

1.999 

1.011 

57® 

25.8 

No 

AB 

-7 

0.293 

2.003 

0.953 

105(85 

22.7 

No 

AB 

-10 

0.248 

2.002 

0.921 

123® 

30.1 

No 

AB 

Fracture  toughness  results  on  2"  wide  specimens  extracted  trom  F-t6  vertical  tat  casing  A357-T6,  General  Dynamics 
program  (7) 


No. 

- B — 

m 

k' 

(HI) 

5 

(HH) 

ft7 

(NY 

(MPa  -VK' 

*ic 

Error 

-2 

7.49 

50.67 

25.07 

4493 

25.4 

No 

AB 

-5 

3.91 

50.77 

25.68 

2535 

28.4 

NO 

AB 

-7 

7.44 

50.88 

24.21 

46-71 

24.9 

No 

AB 

-10 

6.30 

50.85 

23.30 

5471 

33.1 

No 

AB 

Error  Codes: 

A  -  Insufficient  thickness 

6  -  PHax/pQ  Exceeds  1.1,  RSC  is  9ivtm 

C  -  Kininum  Surface  Crack  length  is  less  than  90  percent. 

0  -  Crack  Curvance  is  greater  than  5  percent. 

Yield  Stress  given  as  36.000  KSI  (248.22  MPa). 

Fracture  fcughnessresutts  on  SO  8  mm  vASe  specimens  extracted  (rent  F-16  vertcal  tan  casing  A3S7.T6,  General 
Dynamics  program.  (7) 
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Tabte  6  21 

Fracture  toughness  results  on  0  8'  wide  specimens  from  cast  test  block  of  A357-T6.  Northrop  data  (9) 


Specimen 

Yield 

Strength 

(KSl) 

Fracture 

Toughness 

(KS!*J]N) 

Reason 

Not  Valid 

Remarks 

9193-1 

46.1 

25.4 

b 

Foundry  A 

9193-4 

46.0 

26.6 

c,  d 

Foundry  A 

2237-3-7 

44.1 

26.7 

a,  b,  c,  d 

Foundry  B 

2244-?-8 

45.2 

25.7 

a,  c,  d 

Foundry  B 

225S-4-9 

44.1 

26.4 

a,  b,  c,  d 

Foundry  B 

Average  26.1 

Specimen 

field 

Strength 

(MPa) 

fracture 
Toughness 
(MPa  -,/K) 

Reason 

Not  Valid 

Reitarks 

9193-1 

313 

27.9 

b 

Foundry  A 

9193-4 

317 

29.2 

c,  d 

Foundry  A 

2237-3-7 

304 

29.3 

a,  b,  c,  d 

Foundry  B 

2244-2-8 

312 

28.2 

a,  c,  d 

Foundry  B 

2258-4-9 

304 

29.0 

a ,  b,  c,  d 

Foundry  B 

Average  28.7 

a  ■  Crack  length  0.55  V 

b  ■  Crack  length  at  surface  1  is  less  than  85  percent  of  average 
crack  length 

c  •  Crack  length  at  surface  2  is  less  than  85  percent  of  average 
crack  length 

d  ■  Thickness  is  less  than  2.5  ^  2 


Tab!e622 
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Grain 

Orien¬ 

tation 

Yield 

Strength,* 

KSI 

Thickness, 
IN  B 

Nominal 

Width, 

IN  V 

Crack 

Length 

Ao 

Load, kips 

KSi-/w 

Ko 

Valid 

K«C 

im 

m 

LT 

43.2 

0.75 

1.50 

0.73 

1.93 

IT 

43.? 

0.75 

1.50 

0.78 

1.88 

TL 

43.3 

0.75 

1.50 

0.74 

1.90 

‘B 

U 

43.3 

0.75 

1.50 

0.68 

1.8?  ’ 

II 

*  fatigue  cracked  not  extended  far  enough  fron  nachined  notch. 

Fracture  toughness  results  on  3/4'  wide  specimens  from  cast  A357-T6  aSoy  stabs.  ALCOA  report  (12) 


Grain 

Orien¬ 

tation 

Yield 

Strength, 

MPa 

Thickness, 
m  B 

Kosinal 
Width, 
03  W 

Crack 
Length 
m  h 

0 

Load.VN 

*0 

MPai(/d 

Kq  ! 
Valid ! 
KIC  j 

m 

m 

IT 

30? 

19.05 

38.1 

18.54 

8.58 

8.90 

21.21 

Ves  | 

LT 

30? 

19.05 

38.1 

19.81 

8.36 

8.54 

23.08 

Yes 

Tl 

30? 

19.05 

38.1 

18.80 

8.45 

8.81 

31.54 

NO* 

TL 

302 

19.05 

38.1 

17.27 

8.10 

8.58 

18.46 

No* 

Fracture  toughness  results  on  19  05  mm  wide  specimens  from  cast  A357-T6  aloy  slabs.  ALCOA  report  (12) 


Table  623 


Non  Valid 

Valid 

Data  Points 

Standard  Deviation 

Kean 

Variance 

36 

4.10  KSI  -/Tn  (4.51  MPa  -/o 

31.39  KSI  V™  (33.51  MPa  VS) 

16.31  KSI  VTK  (18.47  MPa  -Vi) 

6 

1.71  KSI  (1.90  MPa  VS) 

18.43  KSI  -Vi"  (30.34  MPa  Vo; 

3.93  KSI  Vi"  (3.31  MPa  Vi) 

Anafysts/summary  d  Kq  data  on  A357-T6  casungs  from  at  sources,  al  thicknesses 


Tabte6  24 

data  on  compact  tension  specimens  machined  from  Ti-6A!-4V  cast  test 


Specimen  OAS 
Range 


Property 


A 

Up  to 

ftu  KSI 

45.90 

.0012 

fty  KS! 

36.50 

e  X 

1.80 

.0013  to 

ft u  KSI 

44.20 

.0018  in 

fly  KS! 

35.50 

e  X 

1.30 

.0019  to 

fty  KS! 

42.90 

.0024  in 

fty  KSI 

36.50 

e  X 

.80 

.0025  to 

Ftu  KSI 

42.30 

.0030  ir 

fty  KSI 

35.fO 

e  s 

.60 

Specimen  OAS 

Range 

Property 

A 

Up  to 

ftu  MPa 

316.48 

.0305  m 

Fty  MPa 

251.67 

e  X 

1.80 

.0306  to 

Ftu  MPa 

304.76 

.0457  r r 

Fty  MPa 

251.67 

e  X 

1.30 

.0458  to 

Fty  MPa 

295.80 

.0610  rr 

Fty  MPa 

251.67 

«  x 

.80 

.061!  to 

Ftu  MPa 

291.66 

.0762  at 

Fty  MPa 

251.67 

e  X 

.60 
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t  AFWAtvMLSE 
Alt,  CAJttarmsworth 
Wright  Patterson  AFB 
Ohio  45433 
United  States 

2  ALCOA 

Premium  Castings  Division 
AttMRDunke 
1450  Rincon  Street 
Corona  CA  91720 
United  States 

3.  Boeing  Company/ 

Military  Airplane  Comp. 
AttDLAfcLettan 
Mail  Stop  45*11 
PO.  Box  3707 
Seattle.  Washington  98124 
United  States  ' 

4.  Cercast  GmbH 
Art.  Gabriel 
Postfach  14 
4770Soe$t 
West  Germany 

5.  Cercast  Inc. 

Att  SXcnncrknccht 
3905  Industrial  B. 

Montreal  North 
PQ.HIH2Z2 
Canada 

6.  Consolidated  Aluminium  Corn. 
Att.  NJ  Davidson 

51  Archer  Drive 
BronxnPcN.Y.  10708 
United  States 

7.  Fokkcr  B.V. 

Att.MO.TH.Han 
PO.  Bax  7600 
1117  2J  Schiphol 
Netherlands 

8.  Gene  .ml  Dynamics  Corporation 
Att.  BL.Riboro,MZ  2161 
Mctalfic  Materials  and  Processes 
P.O.Box  748 

Fort  Worth  TX  76101 
United  States 

9.  I  laley  Industries  Limited 
AttJUJPkoffitt 

Ha!ey,  Ontario  KOJ 1Y0 
Canada 


10.  Hitchcock  Industries  Inc, 

■Att,  ElLMuehlegger 
8701  Harriet  Ave.  South 
Minneapolis,  MN  55420*2787 
United  States 

11.  HonselAVcrke 
Att.  Dr  Betz 
5778  Meschcde  l 
Germany 

12.  Howmet  'Airbine  Components 

Corp. 

Att.  GAskesv 
1600 South  Warner  Road 
Whitehall,  Michigan  49461 
United  States 

13.  Avery  Kearney  and  Co. 

2206  Linden 
Valparaiso,  IN  46383 
United  States 

14.  Lauzier  Fonderie 
Att/Dcborde 

12,  route  deSt.*Jcan 
38300  Bourgoin-Jalheu 
France 

15.  MBB,  Transport* 

und  Verkehrsnugzeugc 
Att.  D.Mietrach,  TFB  5 1 
Huncfcldstr.  1—5 
P.O.Box  107845 
2800  Bremen  1 
Germany 

16.  Messier  Fonderie  d’Anidy 
AtLJitMannant 
64260  Arudy 

fniKc 

V.  Montupct  Fondcries 
Att.  Dr  GPIanchamp 
Recherchesct  Dclevoppcment 
45,  rue  jean  de  la  Fontaine 

No$eni*Sur*Oi«-60101 

creilcedex 

France 

18  Northrop  Corp.  Aircraft  Div 
AttKJ.Oswald 

Orgn.  3872/62.  Adv.  Mfg.  Tech. 
One  Northrop  Ave. 

Hawthorne  CA  90250 
United  States 


19.  Precision  Cast  Parts  (PCC) 

Att.  /.Thome 

4600  SJE  Harney  Drive 
Portland  OR  97206*0898 
United  States 

20.  Pechiney 
Alt.  ChFauvel 

Dcpartement  Aluminium  Metal 
Direction  de$  Technologies 
deMouIage 
ALUVA,  BP7 
3S240  Voreppe 
France 

21.  ProgressCastmgGroup 
Att.  D  E  Leitlcn 

VP.  Engineering 
1457  Marshall  Avc. 

St  Paul  MN  55104 
United  States 

22.  TOTAL 
AttDrChrUesncr 
Postfach  280 
5780Bestvng 
West  Germany 

23.  TiTech,  International  Inc. 

Att  EA.Williams 

PO.  Box  3060 
4000  West  Valley  Boulevard 
Pomona,  LA  91769 
United  States 

24.  Westland  Helicopter  Ltd. 
AttPRAV'cdden 

Head  o(  Materials  and 
Logistic  Services 
Yeovil.  Somerset 
United  Kingdom 
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14.  Abstract 

The  need  to  improve  aircraft  performance  and,  simultaneously,  to  reduce  costs  has  led  to  a 
re-examination  of  the  use  of  casting  processes  in  aircraft  manufacture.  In  this  volume  the 
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